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PREFACE 



Some years ago, when 1 first became interested in the subject 
of compressed-air pumping I endeavored to obtain a book, or 
literature of some sort, that I could use as a guide in the design 
and installation of plants of this kind, 1 found comparatively 
little of any definite* value; in fact the only information I could 
gather was obtained from air compressor manufacturers' cata- 
logues, a few brief articles in technical society journals and 
engineering periodicals, and some data in works on compressed, 
air which wen* either more or less are petition of that contained 
in catalogues, or were of a purely theoretical nature. 

It. was evident that I would have to depend upon my own 
efforts and experiments in the field for any practical working 
data that 1 might nml, I wan very fortunate in that 1 had 
the opportunity to install ami test a number of air lifts operat- 
ing tinder a wide rangt* of conditions and have consequently 
amassed a large volume of data. This data I thought of sufli- 
dent interest and value to condense and publish. 

In preparing this book, I have endeavored to place in the 
hands of the student a comprehensive theoretical study of the 
subject, and at the same time instruct the operating engineer 
in flu* practical economy essentials of the actual installation. 
To rt*aii/r the first, I have quoted from the works of Professors 
Klnici (1. Harris, Ckwge Jacob Davis and Carl R. Weidwr, 
and to mtlkt* tin: last, I have Incorporated an article by Mr* 
Arthur !L Diamant together with my own data obtained as 
before jtutrd. 

To I horoughiy understand compressed-air pumping, it in 
nm*ssary that some knowledge of hydraulics and thermody- 
namics be haci. In the later chapters, I have given briefly the 

ill 
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IV PREFACE 

principles of both that should be known. Taken altogether, 
this work, I think, contains all the information that is necessary 
to intelligently study, design, install and operate a compressed 
pumping plant of any size or capacity. 

I desire to express my thanks to the authors from whose 
works I have quoted and to the various manufacturers named in 
the text for furnishing the cuts needed. 

E. M. I. 

June 8, 1914. 
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11 AFTER I 

PUMPING WATER BY DIRECT ACTION THROUGH 

PISTONS 

The use of compressed air as ;in agent for raising and trans- 
mitting water and oilier liquids and semi-liquids Is a compara- 
tively new departure; but such rapid strides have been made in 
its application, and so many systems devised and presented that 
it now olTcrs one of the most important fields of endeavor for 
tin* compressor, The principal advantage derived from the use 
of compressed air, and the one that makes it so readily adaptable 
to pumping, is the case with which it can be transmitted over 
great distances and the slight losses encountered in so doing. 
Unlike steam, there are no condensation ami but slight radiation 
hisses in fact flu* greatest losses are those caused by friction, 
ami flu*}' will IK* discussed at some length in the pages to follow, 

Water Power, To lift water requires the expenditure 

of work, and the amount of work depends upon the weight of 
water and the* distance it Is raised, or 

(> - V X // (i) 

where 

() work in foot pounds; 
f {unmds of water; 

// - total lift Including friction. 

The horse power necessary is expressed by: 

W.H.K -2- x// (j) 

^,000 

The value of // in (*) h (Ktunds of water per minute. 
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The Direct-acting Pump. In mining, tunneling and other 

I kindred operations, it is often found convenient to use compressed 

\ air in place of steam for operating the ordinary direct-acting 

f plunger pump. This type of pump is rugged and reliable, but 

,' even when actuated with steam, for which it is designed, it is 

I very uneconomical due to its mechanical construction. There 

i are no flywheels, and, consequently, the steam or air must be 

| admitted during the full length of the stroke, and at exhaust a 

I cylinder full of air at nearly the initial pressure is discharged 

1 into the atmosphere. 

& Theoretically, a cylinder full of air being used at full pressure 

if is capable of performing the foot pounds of work shown in the 

t following expressions: 



(3) 
where 

PI = absolute initial pressure in pounds per square inch; 
P = absolute final pressure in pounds per square inch; 
Fi = volume of air in cubic feet of compressed air. 

Remembering the familiar formula: 

PiFi = WRT 
whence 



where 

W = weight in pounds of the air; 

*=p*(C,-Q = 53.37 for air; 

TI = initial absolute temperature in degrees F. 

Substituting these values for the equivalents in 3 



PI 

7685.3 



H the pump is operating at 'N strokes per minute, i.e., being 
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supplied with air at the rate of A* cylinders full per minute, the 
horse power would he expressed by; 



l.H.P. 






Formula (5) does not take into consideration the power neees- 

-ary it* iiveieoiw the mechanical friction in the pump itself, nor 

Itte> It take* into aetount the losses due to the excessive" clearance 

'it the :teutn cylinder and ports of the pump. Very large 

learamc Npaeex between cylinder heads and piston at the stroke 

*iid are provided .so as to form a cushion with the contained 

rfv.un or aii and thus eliminate any possibility of the piston 

t riLm", the heads. 'I hese spaces are filled with air at the initial 

*re -Mire and the air js e\h,tusted*into the atmosphere without 

t%i!l:ii!f; ail) return in work from it. The formula just derived 

lini a'toums u tlcasamv or friction, and,. th<*refort% is correct 

uly for jdr.d nnditim:. \vhi<-h nu*an KXT> per cent eflic.iency. 

'I he *i\rm|!i + inrchanitai elliciency of a steam pump is about 
-- per uiif, tluf i's sn ptr cent of the horsepower in the power 
! i <tin uitiul iti overt inning friction. The clearance losses 
III amount t< u PCT utti; which means that this amount of 
r in r\e'^ til* flir \uhuue required by pumping and friction 
ta-'t In provided to replute that lt>st in the clearance spaces. 
'ifirfiift\ tin* ml available liorne power for tlu* actual raising 
lite vuifrr l^ just d,| pei rent of that indkmted in (5). or 



D.H.I 1 . 



o.i5#7Mr(t 



(6) 



iviously, now, formula* (6) and (4 are equal to each other. 

vohutu* of air In cubic fret, per minute necessary to perform 
t;*r titiii duty h quite easily deterniinecL When operating at full 
it in clear that u volume of compressed air at a 
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equivalent to the dynamic water-head will lift the same volume 
of water in cubic feet against that head, or 

Vi=i (7) 

where Fi = volume of compressed air per minute and v = cubic 
feet of water per minute to be raised. 

This formula assumes, besides no losses, that the air and water 
cylinders have the same diameter, and is, therefore, adaptable 
only to the simplest case of direct-pressure pumping. Expressed 
in cubic feet of free air per minute (7) becomes, 



and for gallons of water per minute instead of cubic feet becomes 



The actual amount of air may be approximated by adding 
20 per cent to the volume obtained from the above formula. 
The air pressure necessary is found by dividing the total head PI 
in feet by 2.31 and adding 20 per cent to overcome pump 
friction. 

The problem is not always as simple as this; in fact, more often 
the steam or air cylinder is of greater diameter than the water 
cylinder. This arrangement permits of the use of air under 
lower pressure per square inch than that which is equivalent to, 
or slightly higher than, the dynamic water head. A convenient 
formula for determining the amount of free air necessary to pump 
an amount of water against a given pressure is * 

T7 H XG , . 

F=CX093 __ ( 9 ) 

Cylinder Proportioning. Having given the duty and being 
able either to calculate or to assume other quantities, it is a simple 
matter to apply the empirical rules of practice and design suit- 
able air and water cylinders to conform to the requirements. 

* Ibid. 
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In Table i are given the volumes of air in cubic feet per minute 
necessary to raise water against various heights. The proper 
cylinder ratios for the various duties are also given.* 

Partial Expansion. If the pump is fitted with a flywheel, 
crosshead, etc., the air then may be used expansively. That is, 
the air under full pressure is admitted only during a part of the 
stroke ; is then cut off, and the expansive force of the air completes 
the stroke. This is plainly a more economical method of opera- 




FlG. I. 

tion than the one just described. Referring to Fig. i, the work 
done in partial expansion is divided into three parts, namely: 

1. Work done during the admission of the air: 

<2i - 144 PiVi 

2. Work done during the expansion of the air: 



3. Back-pressure work: 

Qm = - 144 

The total work done by the air during one stroke of the pump 
then is the algebraic sum of the three parts, or 
<2 = Q! + <2 n - Q m 

= i4 4 PiFi + 778TFC v 
Now 

TJ7ZPT 

and 



.-T a ) - 144 PF 2 (10) 
. WRTi 



C v 



Pi 
0.169 



and R = 53.37 



Laidlow-Dunn-Gordon Catalogue. 
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TABLE i 
AIR CONSUMPTION OF SIMPLE DIRECT-ACTING PUMPS 



Ratios of air to water-cylinder 
diameters . . 


0.75-1 


0.875-1 


i-i 


i . 1251 


1.25-1 


1.5-1 


i 75-1 


2-1 


2 251 























Air pressure, 100 pounds per square inch 



Head of water against which 
pump can work 


104 o 


138 5 


185 o 


231 5 


288 o 


416 o 


555 o 


740 o 


Q2C n 


Cubic feet of air used per gal- 


0.675 


0.90 


1.2 


1.5 


1.88 


2.72 


3 60 


4 80 


6 o 























Air pressure, 80 pounds Per square inch 



Head of water against which 
pump can work 


83.0 


III.O 


148.0 


181.0 


231.0 


333 o 


444 o 


592 O 


740 o 


Cubic feet of air used per gal- 
lon water pumped 


0.557 


0.70 


0.98 


1.24 


I 55 


2 23 


2 97 


? 06 


4 95 























Air pressure, 60 pounds Per square inch 



Head of water against which 
pump can work 


62 2 


83.25 


III.O 


138.75 


173 o 


250 o 


333 


444 o 


i-ec; o 


Cubic feet of air used per gal- 
lon water pumped 


o 438 


o 59 


o 78 


o 98 


I 22 


I 765 


2 34 


3 13 


3 or 























Air pressure, 50 pounds per square inch 



Head of water against which 
pump can work 


52.0 


69.25 


97.5 


115.75 


144.5 


207 5 


277 5 


370 o 


462 5 


Cubic feet of air used per gal- 
lon water pumped 


o 368 


o 51 


o 68 


o 85 


I 06 


I 53 






















2.04 







Air pressure, 40 pounds per square inch 



Head of water against which 
pump can work 


41 5 


55 5 


74 o 


60 5 


115 5 


167 o 


222 O 


296 o 




Cubic feet of air used per gal- 
lon water pumped . 


o 32 


o 45 


o 60 


o 75 


o 895 


I 2Q 


I 80 



























Air pressure, 30 pounds Per square inch 



Head of water against which 
pump can work 


31 2 


41 62 


tfsj t; 


6Q "VT 


86 5 


125 


166 5 






Cubic feet of air used per gal- 
lon water pumped 


0.262 


o 353 


o 47 


o 588 


o 732 


I 05 


i 41 


I 88 


2 OCJ 























Air -pressure, 20 Pounds Per square inch 



Head of water against which 
pump can work 


20 75 


27 75 


37 o 


30 25 


6J7 75; 


87 o 








Cubic feet of air used per gal- 
lon water pumped 


o 204 


o 274 


o 365 


o 457 


O t 6o 


o 82 


T OQ 


T /tfi 


T Rl 
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Substituting these values in 10 we have 

Q= 7685.28 [TI + o.n (TI - r,) - TI ] (n) 

Like formula (3), the foregoing is true only for 100 per cent 
efficiency and where the clearance losses are zero. The mechani- 
cal efficiency and clearance losses of the crank and flywheel 
pump are approximately the same as those of the direct-acting 
pump. 

By making the simple substitutions necessary in (n), we may 
now derive an expression of reasonable accuracy showing the 
available horse power in a certain volume of compressed air for 
the actual lifting of water when the air is partially expanded in 
a cylinder of the crank and flywheel pump operating at AT" strokes 
per minute. 

D.H.P. = ft + 2.46 (Z\ - T 2 ) - ri (12) 



The volume in cubic feet of free air per minute required to 
raise a given quantity of water against a known dynamic head 
when employing partial expansion will depend upon the quan- 
tity of air admitted to the cylinder, or the cut-off volume. 
The method of calculation is simple and consists in the substi- 
tution of the various values in (10) and solving for Vi. The 
value of Vz and T 2 will depend upon the number of expansions 
employed, which is usually predetermined. The volume Fi 
may be then reduced to cubic feet of free air and corrections 
made for clearance volume in the cylinder. 

The initial pressure PI is determined from the ratio of air 
cylinder to water cylinder diameters, and corrections made for 
frictional losses. 

Complete Expansion. A still more economical method of 
applying air is to employ complete expansion in the cylinder; 
that is, allow the contained air after cut-off to expand down to 
the atmospheric pressure, or nearly so. To obtain a quick 
disposal of the air at the completion of the stroke of the pump, 
it is necessary that the exhaust pressure be slightly higher than 
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the atmospheric. For the sake of discussion and comprehension, 
we wfll assume here the theoretical condition, which is that the 
r exhaust pressure is equal to the atmospheric pressure. 

The economical advantage of complete expansion over partial 
expansion lies in the fact that a shorter or earlier cut-off may 
be employed. For adiabatic expansion, the relation existing 
between pressures, volumes and temperatures throughout the 
stroke is quite the same as that for adiabatic compression of air 
given in Chapter IX. The expression for foot pounds of work is 
also similar to that for adiabatic compression, with the exception 
that necessary inversion of some of the values must be made. 

The formula is: 

Q = 498-67 PV\i - (j-J J (i3) 



Correcting for mechanical efficiency and clearance losses (13) 
becomes 

Q = 319-15 ^'-r' 2 (I4) 



' 

J The available horse power, then, for lifting the water is expressed 

1 by 

J D.H.P. = 0.0097 PVN[I - (0 29 ] (15) 

f The volume of free air necessary to perform any given duty 

I may be determined, as before, by substitution in the formulae and 

I solving for V. In Table 2 are given the cubic feet of free air per 

1 minute per I.H.P. required for different cut-offs. 

1 Cylinder Design. In many instances when the change from 

' steam to air operation is made, the steam pumps already on 

hand are pressed into service. These pumps are usually designed 

with a cylinder ratio to take care of an excessive drop in pressure 

between the boilers and pump. When air is applied, there is a 

comparatively slight pressure drop and, consequently, the air 

pressure at the pump throttle valve is far in excess of the steam 

pressure formerly obtained at that point. The result is that the 

valve must be partially closed, and heavy losses due to wire- 
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TABLE 2 
CUBIC FEET OF FREE AIR PER MINUTE USED IN A CYLINDER PER I.H.P. 





Gauge pressure, pounds 


Point of 




cut-off 
























30 


40 


So 


60 


70 


80 


90 


100 


110 


125 


I 


23-3 


21.3 


2O. 2 


19.4 


18.8 


18.42 


18.10 


17.8 


17.62 


17.40 


1 


I8. 7 


17.1 


16.1 


15-47 


15.0 


14.6 


14-35 


14.15 


I3.9S 


13,78 


| 


17.85 


16.2 


15.2 


14.5 


14.2 


13-75 


13-47 


13.28 


13.08 


12.90 


J 


16.4 


14.5 


13-5 


12.8 


12.3 


11.93 


11.7 


11.48 


11.30 


II. 10 


* 


17-5 


15.2 


12. Q 


11.85 


11.26 


10.8 


10.5 


10.21 


IO.O2 


9.78 


1 


20.6 


15.6 


13-4 


13.3 


11.4 


10.72 


10.31 


10. 


9-75 


9.42 



By F. C. Weber in Compressed Air, October, 1896. 

drawing friction are imposed. When such a change is made 
and old pumps must be used, they should at least be rearranged 
so that the cylinder ratios will be better suited to lifts under 
which they are to operate. A better method is to replace the 
old power cylinders with properly designed cylinders in order to 
meet the various duties. 

This cylinder designing is simple and consists merely in the 
substitution in the formulae of the number of strokes per minute, 
initial and final pressures for full pressure, partial or complete 
expansion operation depending upon the type of pumps, and 
solving for Vi. This volume is then divided by the strokes per 
minute to find the volume per stroke. Corrections are next 
made for the clearance and friction losses before mentioned. 
Since the stroke length is fixed, the cylinder diameter may be 
determined by applying the empiric rules. 

Compound Pumps. The final temperatures of the air in the 
cylinders when cut-off is employed are very low and for this 
reason the utilization of the expansive force of compressed air 
was at one time considered impracticable. The theoretical 
exhaust temperature for any given set of conditions may be 
computed by substitution in the formula 

L =: /ZY* 

Pi \Tj 

and solving for T. 



10 
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The final temperatures met with in praetire are higher than 
the theoretical ones because a certain amount of hrat is Iran- 
mitted to the expanding air from the atmo>phere thnngh thr 
cylinder walls and, also, some of the heal generated by thr mm 
pression of the clearance air at the end of each .stroke is al.surU-d 
by the incoming air. Moisture carried in the air tends !* low IT 
the temperature. When using air at lull pressure thrre nmsr- 
also a temperature reduction but this takes place in the r \haiM 

passages and piping bnaUM' 
expansion is drla\rd in thK 
CUM* until thr ;, !ind i -i* 
tent * air relr, i *! 



\\hen ail i . n i d * ki ;*/.* " 



'iri .'in:* J.t of th* j> **! 



t.ihf II t plf irH fl , ' 




FIG, 

it to the pump cylinder, lliis l,tlrr jroM- > i i,'ivi**.M 
heating and is done to raise thr initial lniij-i,tln!i' :! * ., M 
prcssedair tosuch an extent that thr trinjuraunr J!t!ip,u ;, , 
will be above the freezing point u! water \ ,ij]li tn< f ,1,. h ,, k 
that illustrated in Fig. 2 is employe! anI L oumionlj u, /AH 
as a reheater. 
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Compound pumps have been operated with air used both at 
full pressure and expansively in each cylinder. For the same 
ratios of expansion, the final temperatures of air used expan- 
sively in a compound pump are higher than if but one cylinder 
were used throughout the range of expansions, but final temper- 
atures are still very low. Unless reheating in some form is em- 
ployed the ports and passages in the low-pressure cylinder will 
become clogged with ice. 

Compound pumps have been used in many ways as regards 
reheating and expanding the air, but by far the most satis- 
factory method is to furnish cold air to the high-pressure 
cylinder, exhaust into a reheater where the air is expanded 
and heated and then convey it to the low-pressure cylinder, 
using the air at full pressure throughout the stroke in both 
cylinders. 

Return-air System. In 1891 Mr. Charles Cummings was 
granted a patent on a " two-pipe system " of operating compressed 
air engines and pumps. This consisted of an additional pipe 
line connecting the exhaust of the pump with the compressor 
intake, and thus forming a closed circuit. By the use of this 
system the exhaust pressure of the pump, instead of being lost, 
is utilized in the air-compressor cylinder to increase the initial or 
intake pressure, thereby necessitating the expenditure of con- 
siderably less energy at the compressor. The same air is thus 
used over and again. Another advantage of the system is that 
less trouble is encountered in freezing because of the high ten- 
sion of the enclosed air. 

The system is best adapted to pumps operating with full 
pressure because of the absence of pulsations and consequent 
uniformity of flow of air to the compressor intake. 

The disadvantages are: complications of valves and piping, 
the high pressures necessary to high efficiency and the first cost. 
Since the piping necessary is double that used ordinarily, in 
very remote installations the first cost may become prohibitive; 
but for short-distance transmission the superior efficiency will 
undoubtedly overbalance the disadvantage. 



12 PUMPING BY COMPRESSED AIR 

Steam vs. Air. Steam and air are alike in that they are both 
compressible gases, and both follow very closely thejaws of 
sensibly perfect gases. In expanding steam in a cylinder, com- 
paratively slight temperature losses are experienced. The steam 
cylinders are usually well insulated and every other precaution 
is taken to preserve the initial temperature. We may say, then, 
that during the expansion of the steam there is very little change 
of volume due to the reaction of the reducing temperature on the 
steam. 

In the case of air the conditions are quite different. Very 
soon after the compressed air leaves the compressor it is cooled 
down to the temperature of the surrounding atmosphere, and, 
consequently, the initial temperature of the air in the cylinder 
of the pump is also equal to that of the atmosphere. When 
expansion begins, the temperature of the air falls proportionately 
and the falling temperature reacts to reduce the pressure; and 
this reduction takes place even more rapidly than the pressure 
reduction due to the increasing volume. 

Comparing the expansion of steam and air, it is easily seen that, 
with the same initial pressure and the same cut-off, the mean 
effective or average pressure throughout the stroke of the former 
is greater than that of the latter. This means that the expansion 
curve of steam is above the air-expansion curve and, consequently, 
the steam card is of greater area than the air card. To do the 
same amount of work with air then, a much greater volume or 
initial pressure of air is necessary than to do the same work with 
steam. 



CHAPTER II 
THE DISPLACEMENT PUMP 

The need of a pump especially designed for use with com- 
pressed air and one capable of operation in isolated places without 
constant attention was recognized by a great many engineers 
and manufacturers and, consequently, numerous applications for 
patents on such pumps were made. The majority of the designs 
presented were impracticable, but the basic principles were 
similar and the name applied to each was the " Pneumatic Dis- 
placement Pump." 

In the displacement pump, the compressed air is used to dis- 
place the water volume for volume in an enclosed tank or cham- 
ber. The air acts as the plunger, exerting the pressure directly 
upon the surface of the water. The use of pistons, packing glands 
and other wearing surfaces inside the chamber is thus eliminated, 
together with the mechanical friction losses so encountered. 

Figure 3 is a diagrammatic illustration of a single-tank (or 
chamber) displacement pump and shows the conditions existing 
when the discharge of water begins. The chamber has just 
previously been filled with water by gravity from an outside 
source and through the check valve indicated by the letter A. 
The compressed air is being admitted to the surface of the 
enclosed water through the three-way cock B. Water is being 
forced through the check discharge valve D and out through the 
pipe C to the point of discharge. When all the contained water 
has been discharged from the chamber, the three-way cock is 
shifted, cutting off the live air from the compressor, opening the 
chamber to the atmosphere and allowing the used air to escape. 
The weight of the column of water above closes the discharge 
valve D and the weight of the w^ter outside the chamber forces 
the inlet valve open. As the air is exhausted, the water flows 
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in, occupying the space just previously filled with air. 
is shown diagrammatically in Fig. 4. When the chamb 
filled, the three-way cock is automatically returned to its < 
nal position, and live air is admitted. The inlet valve is 





FIG. 3. 



FIG. 4. 



closed and the discharge valve opened and pumping begun, 
so on. 

As in the direct-acting pump, air is used at full pressure in 
type of displacement pump and is exhausted into the atmosp 
at practically receiver pressure. As before pointed out, tt 
a wasteful method of using air, but in the displacement p 
the total losses are considerably less than in the direct-a< 
pump. There are no mechanical friction losses to overc 
(except the slight friction in the three-way cock and the val 
and the clearance losses are considerably less. Due to the 
sence of wearing surfaces in contact with the water, the 
placement pump can handle with ease quantities of solids, i 
and grit as well as acid-laden liquids without injury to itseU 
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In Fig. 5 is shown an outside view and in Fig. 6 a sectional 
view of the Halsey single-cylinder displacement pump as formerly 
manufactured by the Pneumatic Engineering Co. This pump is 
designed for submergence in the liquid to be pumped. The least 
allowable depth of submergence is indicated by the horizontal 




FIG. 5. Halsey Displacement Pump. 

dashed line in Fig. 6. In lieu of submergence the intake of the 
pump may be connected by piping to an otherwise isolated water 
head that is equivalent to the depth of submergence required. 

As shown, the Halsey pump consists of a steel-riveted chamber, 
on the head of which is mounted two castings; one containing 
a piston air valve and operating mechanism, and the other con- 
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taining a ball-check discharge valve. Inside the chamber is 
float which rides on the rising' and falling water surface and ove 
a rod which is connected to the air-valve operating mechanisn 
Extending down l from '. the discharge- Valve is a pipe of equ* 
diameter of discharge pipe and ending in a bell mouth near th 




FIG. 6. 

bottom of the chamber. The operation is as follows: Wate 
enters the chamber through the swing-check foot valves, and th 
level rises inside, carrying the float. When the chamber is fille 
the float engages the upper collar shown on the rod and shift 
the air valve. The exhaust port is thus closed, compressed ai 
is admitted to the water surface and pumping begins. As th 
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7> Halsey Pump Installation in a Mine. 
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surface of the water is lowered, the float follows until the 
chamber is empty, when the float engages the lower collar on 
the rod and the air valve is shifted to its original position. This 
shift cuts off the compressed air ; opens the exhaust port and 
the used air escapes. The chamber again fills and the operation 
is repeated. 

In Fig. 7 is shown a pair of Halsey pumps installed at different 
depths in a mine. Both pumps receive their air from a common 
pipe and also discharge into the same flow pipe. 



Water /fe=^^^ 



2 ^. Hve Air 




FIG. 8. 

The flow of water from this type of pump is intermittent, foi 
during the period of time required to exhaust the air and fill the 
chamber with water, the discharging has ceased. In the twin- 
chamber displacement pump this objection is almost entirely 
removed; for while one chamber is discharging, the other one 
is being filled, and, consequently, the only time lost to actua] 
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pumping is the short period required by UK* valvr mechanism 
in moving the air valve. Fig. S is a diagrammatic illustration 
of a pumping apparatus of this type. The four- way valve* shown 
mounted above the chamber heads controls tin 4 live air and 
"^witches" it from chamber to chamber at the proper moment. 
Hit* exhaust air from each chamber is also regulated by the same 
valve. 

Figure o illustrates the t'onditions that exist during tin* time 
Ilia! chamber .1 is being emptinl of its water and chamber tt 




Ftu. i>. 

i- bring lilled. Tin* one is emptied in a slightly greater length 
nl liitii- than is required In til! the* other. Immediately after A 
K emptied of water fltr four way valve is automatically shifted, 
and the IOWJUVSMH! air from the compressor is admitted to /I, 
and the iisrd air til .1 allowed to escape* to the atmosphere, 
ThcM* conditions are illustrated in Fig. S, When the water in 
/I .ha:- been pumped, ,1 has been tilled and the valve is again 
shifted, and J is emptied and /t tilled with water* and so on. 

Kat It Chamber is provided with check inlet and discharge 
v,dvi^ \vliit h operate in tin* sime manner as those of the single 
thaiuber jiiiinp previously fliscussed. 



2O 



PUMPING BY COMPRESSED AIR 



r 



In Figs. 10 and n are shown outside and sectional views of 
the Latta-Martin twin chamber displacement pump. This 
pump is also designed either for submergence in the liquid to be 
pumped or else connected by piping to an outside water head of 
sufficient height to, permit rapid filling of the chambers. 




FIG. 10. The Latta-Martin Pneumatic Displacement Pump. 

As shown, in each chamber there is provided a small copper 
float suspended on a pipe connected to the auxiliary valve 
above. Housed in suitable castings and mounted on top and 
across the chamber heads are two piston-controlling valves. 
The smaller one moves over ports connected with the main 
valve, and the arrangement is such that the small auxiliary 
valve (which is controlled by the float) controls the movements 
of the main valve which, in turn, controls the live-air supply. 
The operation of the pump is as follows: 

When the water level has been lowered in one tank to a point 
just above the discharge opening, the small copper float drops 



nil-. 
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by gravity a distance of about one quarter of an inch. The 
falling lloat carries the* lever to whirli it. 5s attached, and a small 
port i* opened into which enters some of the surnuin<ling air 
lu*ld in the chamber. The air passes up through tin* float pipe 
and into passages in flu* valve easting above which lead to the 
end of tin* small auxiliary valve. The smalt auxiliarv valve is 



llur, shifted In flu* uther end of its travel by flu* air pressure 
and pur! 1 * trading to the main valve are uncovered. This ad- 
wit 1 * air pressure to main valve, The main valve is now moved 
and a p4VH,i.^r\\%iv (oimecting the live air supply and. the pump 
t hamber K opened , I,ivi air is now admitted to the iliainber 
that !WH breit ullrd with water and the* other chamber is ex 
haunted *! I lie lined air. After emptying the second chamber the 
other i'^ tilled with water and the valve movement is reversed and 
>o nil, In Fi^; i/ i-* a t\pt\al tttta-Martin pump installation. 
M^ure i 3 is a section of the Shorn* Pneumatic Sewage* Kjector. 
As sh\vn. it c-osists of an enclosed chamber provided with 
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FlG> I2 .-Typical Latta-Martin Pump Installation. 




G> 13> _ Shone Pneumatic Sewage Ejector. 
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suitable sewage inlet and discharge connections, together with 
their i heck valves. Inside the chamber are two cast iron bells 
linked together. The upper bell is connected to the automatic 
valve by a rod passing through a shilling box. The operation 
f this pump is as follows: 

When the level of the sewage has been lowered to the point 
shown in the illustration, the weight of the lower bell and 
HN (untents moves the valve and tin* live air is cut off and 
the exhaust opened. The inlet valve is then opened by tin* 
weight of tht 4 fluid column and inflow of sewage begun. When 
the level has reached the upper bell, air is enclosed and the level 
lontinues to rise around the bell until the buoyancy is sufficient 
to r;d>e the lower bell with the rod and the air valve is shifted 
to its first position. This closes the exhaust port and admits 
compresM'd air, when the chamber contents are again pumped 
out. The-e eject* irs are usual!}' installed in pairs giving in 
ciiVt I a double t lumber unit, A typical installation is shown in 

Advantages. The advantages claimed by displacement pump 
manufacturers are briefly the following: 

i. No t IMM* fitting or wearing surfaces in the chambers. 

, f . Nu piVtw leakage, no mechanical friction and small clear- 
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: \, \n i hanger r aijustments necessary to adapt, the pump 
l* \amn^ (nnditious <r lifts. 

4, The abilil} of the pump to operate when submerged in the 

liquid and its facility for handling large percentages of 
Htlids and grit, 

5. Large i a pacifies. 

f*. Aiifotnafic tout rot and the consequent impossibility of 
rating, ami little attention necessary by the operator. 

Air Consumption* The volume of compressed air necessary 
tit operate ,i displacement pump, neglecting clearance, is equal 
In ilif volume of water tn be pumped* or r ?, where V cubic 
ftrt f cinpressnl air per nuitiite and ? cubic feet <if water 
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delivered per minute. Expressed in free air per minute, the 
expression becomes , 

V=V l = v 

where P is equal to the pressure pumped against and PI is equal 
to 14.7 pounds or the atmospheric pressure. 

There is a loss of about 10 per cent due to clearance in the 
pump and hence, in applying the above formula, correction to 
this amount should be made. The pressure P is found by 
dividing the total dynamic water head in feet by 2.31 and adding 
14.7 pounds. 

To illustrate the method of application of the formulas given, 
assume a set of conditions as follows: 

With a total dynamic head of 100 feet, how many cubic feet 
of free air per minute are necessary to lift 500 gallons of water 
per minute? 

Pressure = = 43.4 pounds gauge 

2.31 

or 58.1 pounds absolute. 

Cubic feet of water per minute = -^ = 67. 

7.481 

Substituting in formula: 

_,0 

Vi = -^ X 67 = 260 cubic feet of free air per minute. 

14.7 

To the air volume just found must be added 10 per cent to 
cover clearance losses, and to the pressure must be added the 
friction loss in the air line connecting the compressor and the 
pump. Also if piston-displacement volume is required to be 
found, a further correction of air volume is to be made for the 
volumetric efficiency of the compressor. 

Table 3 gives the cubic feet of free air per minute required to 
lift one gallon of water per minute against various pressures. 
The air volumes given are actual and a compressor capable of 
delivering the net amounts of air should be chosen. 
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Performance of a Displace- 
ment Pump. Comparatively 
few dependable tests of the dis- 
placement pump have been made 
by disinterested engineers, and 
this may be accounted for by 
the fact that the system is so far 
superior to other methods of dis- 
tance pumping that exhaustive 
tests are not necessary to demon- 
strate the advantages. Then 
again, the system is new and 
competition of the few manu- 
facturers has not become suffi- 
ciently keen to necessitate duty 
guarantees and comparative 
tests. On the following pages 
^ are given the results of one test 
H made by the writer on a dis- 
placement pump installed under 
rather severe conditions. These 
results with the explanatory re- 
marks will give a good idea of 
what may be expected from the 
system in the way of operating 
efficiency under similar condi- 
tions. 

General Remarks. The 
source of water supply of the 
saw mill of the Louisiana Long 
Leaf Lumber Co. at Victoria, 
La., was a bayou located about 
a mile away from the engine 
room and log pond. Prior to 
1908, water was furnished by a 
direct-acting steam pump lo- 
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TABLE 3 

CUBIC FEET FREE AIR REQUIRED PER GALLON OF WATER AT VARIOUS 
PRESSURES FROM 5 TO 150 POUNDS PER SQUARE INCH 



Gauge 
pressure, 
pounds 


Cubic feet free 
air required 
per gallon 
water 


Gauge 
pressure, 
pounds 


Cubic feet free 
air required 
per gallon 
water 


5 


0.179 


80 


0.861 


10 


o. 224 


85 


0.906 


.15 


0.270 


90 


0.952 


20 


0.315 


95 


0.997 


25 


0.361 


100 


1.043 


30 


0.406 


105 


i. 088 


35 


0.452 


no 


1.134 


40 


0.497 


115 


1.179 


45 


0-543 


120 


1.225 


So 


0.588 


125 


1.270 


55 


0.634 


130 


1.316 


60 


0.679 


135 


1.361 


65 


0.724 


140 


1.407 


70 


0.770 


145 


1.452 


75 


0.815 


150 


1.498 



"1 Hi. 
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Ltkrit Jt'utii flsr 4ir iviittfttT with a Ktihrrtsnn Thomson indicator 
iilfrtl mifli ,i | u jtHififtl .|*ftti|;, 

Computations* Tin- frit lion lo-v* in thr air liiu* was fuinul by 
}*1, ii in: f .1 v'' u ^i r >m ^ ir * f "' ^ fir al ^' lc> I 141111 ! 1 * 1111 ' sult railing this 
l\w^y !i.%,piifj|* friu that "I flu- rnt'iv-r ga!if/ s r. Both gaugrs 
\\r\t-- liftt' ,in*l .I'v^iijiinl tn !r at i linifr, 

1'hr hiili*n lr^ isi ihr walrr linr \vu^ ohtaiiu**! liy siilitr;i,ilin^ 
flu- ,P iil.,tl lura^uini siatit ln%i<l finiii thr pf'rssurr hracl iliilicaJrci 
hy flit 1 g.ingr 4! llir jnunji. This hr;ni diflrri'iirr iiu'ludnl lss 
iliir Its list- n*Ni^!a.n*r <*f tin* |iini| <li.s hai'gr valves anil towMV' 
liniiv. Thr air Iptrsr JIO\V<T attl vohunrtru' rflu irncy wm* 
tlrlrniiiiif-ii ffitin list" imiii ,it*r fliiitr;iins iit thr usual manner. 
Thr iv. tin" hnrsr jwiwrr was ilrlmiiiiiri! by inultiplying the* weight. 
cif vvatrr jiuiiifiril JT tniiuitr hy thr tlyn.'unir hrai! and diviili 
the rMlui f Iy 
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cated, together with a donkey boiler, on the bayou bank. This 
installation necessitated not only a day and a night man in at- 
tendance at the pump house, but also kept a team busy hauling 
wood for the boiler. In 1908 an Ingersoll-Rand compressor and 
an Allison displacement pump was installed. Fig. 15 is a 
diagrammatic illustration of the completed installation. 

Equipment. The machinery installed consisted of the 
following: 

i 6 in. by 6 in. by 6 in. Class R. C. steam-driven compressor : 

Maker Ingersoll-Rand Company 

Rated speed in r.p.m 185 

Piston displacement per minute in cubic feet. . . 35 

Rated pressure in pounds 100 

i No. o air receiver: 

Maker Ingersoll-Rand Company 

Length in feet ' 6 

Diameter in inches 18 

The receiver was fitted with gauge, safety valve and blow-off 
valve and nipple. 

i Allison displacement pump : 

Maker . Harris Air Pump Co. 

Diameters of cylinders in inches 18 

Length of cylinders in inches 18 

Rated capacity in G.P.M 25-30 

Figures 16 and 17 show the types of compressor and receiver 
used. 

The conditions under which the pump operated were the 
following: 

Length of water line in feet 4710 

Diameter of water line in inches 3 

Length of air line in feet 4851 

Diameter of air line in inches i -J 

Static pumping head in feet 113 . 7 

Method of Test Procedure. A number of trial runs were 
made as is usual in tests of this kind. During each trial, readings 
were made of the receiver gauges, boiler gauge and thermometer. 
The compressor revolutions were counted and diagrams were 
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The free air consumption in cubic feet per minute was com- 
puted by multiplying the cubic feet of piston displacement per 
minute by the volumetric efficiency. Corrections were made for 
Intake temperature as read from 
the thermometer. The water 
pumped was measured by tim- 
ing the flow in a barrel of known 
cubical contents. This was easily 
and accurately accomplished ow- 
ing to the small quantity beino- 
handled. 

Results. Table 4 is a log of 
n^tilts of the test together with 
the computations made there- 
froni. The efficiencies obtained 
ar<* quite low and show a wide 
variation with the theoretical. 
UiVregarding clearance and leak- 
a,rr and neglecting the air neces- 
Kiry to operate the controlling 
val\v (which in this case was 
npr rated with live air), the the- 
on-Ucal efficiency would amount FIG. 17. Ingersoll-Rand Receiver. 

In approximately 35 per cent. The difference between the 
theoretical efficiency and the actual efficiency of the system 
f mint I shows the waste of leakage and clearance and the power 
required to operate the controlling valve. 

The installation of the air equipment in place of the steam 
pump proved to be a wise move. The cost of the compressor 
pump, piping, installation and labor amounted to $1284.00. 
The old water line was used and the piping cost mentioned was 
the purchase and laying of the i^-inch air line. With the com- 
pressor located in the engine room, and under the supervision of 
the regular operating force, and since the fuel cost was nothing, 
the operating expenses of the system were only the amount paid 
for oils, waste, packing, etc. The cost of operating the old steam 
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falls gradually on further head increase, Therefore, It is evident 
that to reuU/e the highest efficiency, pumping in stages is neces- 
sary, and the mure .stages employed the higher will he the 
efficiency. Fig. it) illustrates quite clearly the meaning of stage 
j ni in j ling. 

The number of .stages to he employed depends largely upon 
local conditions. It would have been unwise, for instance, to 
have installed several pumps at the Louisiana Long Leaf Lumber 




C'i,\ bnairr flir ijiiaiitily tif wnfiT nrefkd wits small and 
liir |a*l *o't nil, ftflirr umiittifms limiting the number of 
fLifr , ,itv ju'1 i*4, Inlcrrnt, drjirriiatuin and aimpltcations of 
the ' \ i Jri. 

Mill itiMt!irr ionsilrr;itim that must be taken into account 

is that, in tin* air is tirinfc furnished to all 

by imc throttlinK occur unites great 
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pump, including wages of attendants and hauling of fuel, averaged 
$110.00 per month. This is exclusive of the supplies such as 
oil, waste, and packing. The saving realized by the pneumatic 
equipment amounts to $1310.00 per year, and, consequently the 
system pays for itself each year of operation. 

While all conditions may not be quite so favorable as these 
to the installation of the displacement pump, still there are few 
instances of long-distance pumping where the displacement 
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pump in some form will not show a high rate of interest on the 
amount of money so invested. 

Efficiency. In Fig. 18 are plotted two efficiency curves. 
The ordinate represents efficiency in per cent, and the abscissa 
represents feet of lift. The dotted curve is theoretical pumping 
efficiency and the solid curve is the actual efficiency plotted from 
average data furnished by several manufacturers of the displace- 
ment pump and from tests made by the writer. 

An examination of these curves shows that the efficiency falls 
rapidly with increase of pumping head from 10 to 100 feet and 
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RETURN-AIR SYSTEM 

When the water has been forced from the cylinder of the* dis- 
placement pump, the air volume remaining is allowed to escape 
into the atmosphere through the controlling valve. This air is 
at practically initial pressure and, consequently, the energy of 
expansion in the air is lost. If the exhaust from each chamber 
is piped back to the compressor intake, the entire system would 
be closed to the atmosphere, and tin* force of expansion in the 
air after displacement of the water in the pump chamber h 
exerted against the compressor piston on the suction side* and 
thus assists in the compression of the air on the reverse side of 
the piston. This i the basic principle of the return-air Hystr.ni 
and, clearly, the operation is decidedly more economical than 
that of the plain displacement pumping systems. 

Principle. - Figs. ,!o and Ji arc* diagrams of a return-air 
system with submerged tanks, Referring to Fig, jo, // is the 
air cylinder of the compressor; J is an automatic compensating 
valve whose duty it, in to replace any air that may from time to 
time be lost by leakage, absorption or in switch operation; F is 
the automatic* switch wiiirlt controls the live and exhaust air to 
and from the tanks; A f and #' are the* air pipes connecting the 
tanks and the switch; K is the water discharge pipe, which is 
connected by branch pijH*s to the tank riser pipes C/t and I'/;.; A 
and K art* tin* tanks, each fitted with check inlet and discharge 
valves similar to the plain displacement pump. The operation 
is as follows: 

In the diagram, Fig, 20* II has just been emptied of water 
and the used air is !>cing drawn into the compressor cylinder 
through the pipe B f As the air is thus being drawn into the com- 
pressor cylinder, the B h filling through the check valve 
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care is used to divide the total head equally among the stages, 
i A good rule to follow is to use one stage for each seventy-five 

.1 feet of dynamic head. Under this head about 45 per cent 

; ' efficiency can be looked for, and has been actually obtained in 

' , several instances. 

j Design. A properly designed mechanical installation of any 

sort is that combination of apparatus, the sum of whose operat- 
! ing cost, interest and depreciation on the first cost, upkeep and 

| complications is least for the conditions at hand. This applies 

1 everywhere, and to no appliances more fittingly than to pumping 

j plants. The method to employ in designing a displacement 

' { pumping system is quite similar to that employed in the air-line 

design explained in a succeeding chapter. The operating cost 
plus interest and depreciation charges is estimated for single- and 
for multi-stage installations and the results are compared. That 
'; which shows the least cost, or, in other words, best over-all effi- 

j ciency is the design to adopt. After deciding on the apparatus, 

| the water and air lines are designed in accordance with principles 

given in a later chapter. 
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friction of Itself because the pressures art* equal on both .sides 
of the piston. The rush of air continues until the pressure 
throughout the system is rquali/ed when, immediately, thecom- 




pressor take* up ifn load, compressing and furiii i 4iin^ air to llir 
tilled tank, and drawing air from the rmpfy tank, \\ln*n the 
air pressure in {lie empty lank I> redtu-rd beluw tfi.it nf thr water 

head outride, tlini inilnw iir^ins tlirniiifti the i|t chtvk valxr. 
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C 2' and at the same time live air is being forced through pipe 
A' into tank A, forcing the water out the discharge pipe E. 
When tank A has been emptied, tank B is full and the switch 
is automatically shifted and live air is admitted to tank B and 
the high-pressure air in tank A is returned to the compressor 
cylinder through the pipe A', and so on. 



-Air Pressure 



Tripping Cylinder 
Actuating Cylinder- 




FIG. 20. 

The air as it is exhausted from each pump chamber expands 
back through the air line and switch into the air cylinder through 
the inlet valves and out of the compressor cylinder through the 
discharge valves. It continues on through the other end of the 
switch down the other air line into the other chamber which has 
been filled with water. The compressor is operating all the 
while, but doing no work other than overcoming the mechanical 
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end of lite piston valve. The other end of the valve is r\po.-,ed 
to atmospheric pressure, and, consequently, thr pressure dili'er 
enee on the ends shifts thr valvr. When the other tank U iillrd, 
tlie evele is repeated but reverse in action, Tin* valve may br 
adjusted to operate on any required vacuum; so that it' it is 
necess.trv to operate xvith a suction lift to the tanks, a t unv 
spondintfly higher vacuum may be pro\ tried. In Fh r ,, .v i> an 
illustration uf this swift h. 

Tin,* mechanical swih h U merely an appliance* which is set to 
operate at a prrdrtrrminrd uumhrr of revolution^ oj tlie turn 
prrssor. The required number of rrvolutions is determined by 
computing thr volume of air nrcrssary to cuwplrtrlx dtst har^r 
one of thr tank 1 *, Thrsr computations c;in be* made xery 
accurately beforehand,, but a t hrck trst is usually made aftrr 
installation of tlie equipment, 

Compensating Valve 1 * Viler the sx '4em in in >pt*r,it inn, llu"ie 
will br errtain lo^r^ ni air due tit leakage through imjri'iri I 
joints in flu* piping, due to absurptiin of thr air by thr watrr, 
antl a small volume oi air H onsintird in shift im 1 ; the ;mt 
malic conti'uliin^ \-al\r,, Thi^ lost air um^t br rrplai rd I\ air 
from the attnnsphrrr. nthrrwi^r thr -\yNfrm in flllie will bn oinr 
jnopenili\ : e, The io^--. is replaced h\ a i otnprn^af in^, valx-r 
(Fiji, /ci plain! in thr t M!nprrv.r suction pipe brt \vrrn the 
swili Ii and fhr air * yliixlrr. *rhi- valvr !? tnrrrly an a!mo--,phrri 
check xv hi* h *prn-* xvltrn thr prrs-^tirr in flit* pipr drops brlow 
the prrmir-sibtt 1 vatumn, A ^Itibr vah'r i-* UMM| in runun tin 
xvith tht 4 automatic \-ah'e, T'lnn ^lobr valvr is jikited out 
side the luwprnsatinjj valvr and is N* adjusted that the priprr 
aiiioiiiif uf free air may br adritiffrd while thr .systrm is in 
operation, 

Starting* -When fhr return- air plain is first Marlol it is 

nt*crssary to first, char^r thr systrnt with air drawn from thr 
atntos[hrrr. The tirst ty'l* of tiprration thru is r\ally thr 
snnr as that of thr ordinary cHsplarnnmf pump preiiitit^ly 
tlisrussni, ;tnd frrr air i.> dr.twu into thr eof 
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The chambers are not necessarily submerged because as tl 
compressor continues to operate withdrawing air, a parti 
vacuum will be created in the air line and tank and water w: 
be lifted by vacuum, filling the tank. 

Switch. There are two types of switches that may I 
employed in connection with the' system, i.e., the automatic an 
the mechanical. The choice of any type depends upon tl 




conditions. The automatic type is operated or thrown by th 
difference in air pressures inside and outside the system. Th 
device consists merely of a piston valve and each throw corre 
sponds to the filling or emptying of one of the tanks. Referrin; 
to Fig. 20, the operation of the automatic switch is as follows 
Equilibrium of pressures has been established throughout th 
system, and tank B has been filled with water by gravity. A 
the compressor continues to operate, a partial vacuum is create* 
in the piping above the water level in the filled tank, and on on< 
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through the compensating ami globe valves. After lite required 
pressure lias been established throughout the system, the com- 
pensating valve doses automatically and the return-air principle 
begins. 

In Figs. \$ and .'4 art* shown two views of a return-air sys- 
tem installed at the plant of I lie Holland Sugar To. The 
capacity of this plant was ,?,^ 50,000 gallons of water per day of 
twenty-four hours and the lift, 70 fert, 

Proportioning. : Professor Klmo (J. Harris in a diM'tission 
published in Volume LIY of tlie American Society of Civil 
Engineers has prepared a mathematiial analysis of the return- 
air system. This analysis is given in full on the following pages, 
Harris Theory. -"With the development of this system of 
pumping, many problems have been presented for solution, some 
purely merhanii al, while others ret juire a mathematu-al analysis* 
The latter have proved very interesting and instructive. 

" In the pro<rss f stu h analysis, it will be necessary to use the* 

following ^yittliuls, Though the analysis may lie considered 

intricate, the 2'mal formula* are unexpectedly simple and easy 

of ajiplii ation. 

'" Let ./* = Delivery ...... a c'unstant in pounds per 

Mjuare iiitii; 
I\ * ..... Pressure throughout the system imiiiedialrly after 

swit thing; 

/*, - Pressure of air entering compressor u varialtle; 
r - \Vlmne of cifir piiitip tank u constant. in 

i liblt. fcrtj 
1^ - Volume of air in cjrlivering tank at pressure /*,, 

a variable; 

fiF - Volume of om* air j}*; 
pi *~ PrrsMire at which to niter tank from 

whirh air is Mnn exhausteil, 
fa ** Lowest reache<l (this irrurs just 
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jH*r strcoml; 




PUMPING BY COMPRESSED AIR 



' i 




FIG. 23. 




FIG. 24. 
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"Hence, 

P V d + w) + pjiV = P f V (i + n) + I\ (V, + nV] (18) 

41 To simplify, put f> tt = " and ecjuation (18) reduces to 

P lt F ( ' i -I n) 



' Substitute fquatitm (19) iu njiuititm (17), and 



44 fiilrgnitiiig between the limits, I f v - FI and V y a= o, there 
results: 



( i J- ;/ ) i< . ^^i ( 20 ) 



** 1 et FI represent the volume of air in the delivery, or high- 
prt ^ure tanl, when wafer begins to enter the other; that is 
when th pre ^je in the other tank has dropped to />jj this 
niaiL,. a hanr.r in theiperatiin; see Fig, ,'5, Just at this period 
then* mint bt tiinnfji air, at the pressure* /> t in the volume 
T u ID t* hi! fltt pate !' I't, at tlie pressure /^ in the 
other tanK, and it,* own air pipe at tin* pressure /. llenti* the 
cfjuat ion: 

/nTfi ! in /jr - r,i + pjiV (21) 



11 Now, ii is a fraction, ami /> umt /^i are small and nearly ecjual, 
in practice, hviu-e (^ - />i) can be rieglcctecL Then: 
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q w = Average water delivery, in cubic feet per second; 

Q = Total volume taken into compressor, while work- 
ing pressure down from PI to pi, or approxi- 
mately P to pi in any case and approximately 
PO to p when tanks are near surface of water 
supply; 

R = ratio ^; 

Po 

Ri = ratio 
Pi 

"All pressures are ' absolute/ that is, gauge pressure + 14.7 
pounds. 

" Compressor Capacity (= g a ). The first problem is to find 
the necessary intake capacity of the compressor. In this, fortu- 
nately, the problems of work and temperature inside the com- 
pressor need not be considered, and, therefore, in the analysis, 
the temperature of the air may be considered as constant, though 
it will be necessary, finally, to apply a coefficient to provide for 
the effect of expansion due to the heating of the air as it passes 
through the hot intake valves. 

" Assume that a small volume dQ of air at the pressure P x is 
taken out of the exhausting tank and forced into the delivery 
tank, where the pressure is P , and its volume is dV yj then, by 
the law that the pressure multiplied by the volume is constant: 

P x dQ = P dV v ; or dQ = ~?dV y (17) 

*& 

" Also, by the same law, the sum of the product of the pressure 
multiplied by the volume must be constant, since the quantity 
(or mass) of air in the system does not change. When one tank 
is full of water, and its air pipe is full of air at the pressure, p , 
the other tank and air pipe must be full of air at the pressure, P . 
Under this condition, the sum of the products is 

P.V(i+n)+p Vn 

At any other time the sum of the product is 
P.V (i+)+ Po (V y + nV) 
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u Putting equation (22) in equation (20), there results 

n 



i -f- 



K* 



n /> ~ fi 
A'/* /' 

- Hi -t in io^ 



putting "5n plau.* of A',, 

"Now, as hcfore stated, ;//* will he quite small, as eompared 
with /*, and it ian hr inflected, if drsired, to simplify the 
formula*, Equation (,*?) would then heronu: 

O r ! i -| wi ltt|:, ' ** (,M) 



** I'hi.s fiv*,^ ;i ; imple fHinniLi |tr (^ thr \olume taken into the 
iompte'-'ir \\liiif 4 trduiin^ thr pit airt* Irum /* to /i t un a tank 
full J ail". T* i*t* p?Mi* f it :.luMild inn\ he notired that the 
upiratiuii hri'in . prpftlj uith a jur'.auT f\ Mimewhat U-.ss 
than / f tJ . *I lit i du' !o tttt* e\pan-in into the low-pressure 
pipes jii f aiffi" wif hiti". Ilii- pu ure /*i i;in he fouml readily 
!i\ flu 1 i Miidili*>ii ni flit HU l4iii\ M! tin* *,iii!i,i uf tin* products of 

the Voluinr* h\ ttif Jlr* UN'. I (ill s ri |tl*tlill^ the NUIIIS just 

lirfuii* and aiti i ,4\ili Iiin f t thni ir atlt * 



or 



/' i 



I ! .* II 



/*i. thus found, would hr put In plu'r of l\ iii equation C^jl. 

"llir i-Uri I itf frltt.iiiii in i.hr air jfj* hrtween thr tank and 
the* rmprrsMr IIIII.N! nw !*r c.onsiderfd. 

" \\1irn thr pressure *f flit* tutaki* of lite c.'ompre-ssor in /'* f , that 
in the from vvhiih t.hc air is tlniwn will hr greater hy the 1 
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Putting equation L 1 .?) in equation Uo), there results 
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(J :-: F (i + III log. 



A*,, 



/*,. 

putting " in plare of K tt 

" Xow\ a-i hefore stated, n/t will In* quite small, as rompaml 
with /*, am! If *an In 4 ne^le* ted, if desired, to .simplify the 
formula*. Kqu.it ion f;v) wnuld then hetouu* 

l\, 
{ n t i n V! .^ 



(-'0 



* |f !lii.riv ti imp!' I* ninU IHI n tht \*4i!inr taken into the 
tinpii' f uUi* !M!I{UJ,' th pti ntf tiHtit l\ f in /j sin .1 lank 
full of ait , I t p'' i * it h*i M n*\\ }r rttititni that lltr 
<pf*l4liu!i Iwvin phpjj* vith a ptr nil* l\ .sumewhaf le-.s 
l!i, in /* , 'llii i' ! '*' tM flit* i*p, it [MM iiitii tlir luw-pri'^>uu* 
pipeji* I ilf*t ^it^titi' *t!'i p' **e /*j .ui he fuuinl rea<lily 
In thr i N^'fili^iM I Ui *- >f ^ f *'* *4 Jh 'im.tif the pi*hi t> !' 

fllf \'$ilciiii . 1^ th* pt' t?i IL'I t I'i^tili^ the Mini 1 , jn:^l 

hifie and .\M i *uf* iiii 1 % fh f f If 



r* 



/*! 



/' 



*'i !j<{, *! ! he p if n, |il , / ") I 1 la t |u !MH > 
* J lit- t M ! i f j " 1 1 *$ in ^ . it j 'j i f >t ? wi i ii the t ml it il 



\\h'*ifh* 

in tin I iiiL li 



i /V that 
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a cubic foot of water tlows in. Hence, evidently, the time con- 
sumed in this last period uf the cycle is 

, : y 

</ 
and the total time, 

7* - /i 'I- A: r 1 1 "}- n) (i -f- k) lo# - 

If r/ M , is the average rate of delivery of the water, evidently 

r 

whence 



which is flit* desired equation. 

41 In pniitiir A* should nut r\nvd c>. i , and will usually I>e less. 
If j' 4 rvat pivti.iun i. to IM attempted, equation ( () must he 
Mlvt'd In a li*iitj|i\i* proir.*, tor i !* a ftuution of */, k may IK* 
lir.st a?siiiiit*il ;t < w. i. ! j'.rt an approximate value of </ in whence 
' in tentatixi* pj*< f H it*r / j, ., (uiutitm of </. A* may In* lirsl 
a sMuurd a * ^ i, t* jt I an appio\tfnate \alur of i/ (il wht*iu't* *.' in 
equatinii ( /, and a f In er v .tlue nt i', llilh \\ill hr suiliciently 
i lo 4 j fur pr.i* ti* r, 

11 If i,* pn>iu!K ti-fli-., to attempt t \tinw prt*<iion in tltcsu 
c'oiii|iiiti!li*u >, mi ,i iiuht **f teitiprr.it lire * ii;tii|*r ^ \\hit1i i'annut 
lie fonnuhitcii. ilriitr. ,t . a , tir and Jmpli* \\uilJii*; fonnulai v 
thr lHl!fwIiig nuty U* it fit; 



i i f i j it) 



/> will toiiii!i*ii!}' hr mar atitiHpisrri pn*^4UT (n 15), that is, 
when liit* tank . ;ii*r m-at lli< 4 Mtrfan* of tin* \vatrr, hut it may hi* 
grr.ifrr or it* >^, auonlio^ tu wltrther the tanks air Mihtnrrtfrd or 
pl,wr! ;tf>i\r tJjr w.itrr, In^pn ti!i of equation (,'n) revrals the 
Lut that ilii* i r riafrr /*, K tin* Irs* will hr </,, Fur this reason 
tlirrit is an advaata^' in having the tanks hiihni 
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amount lost in friction while ;u- i:n^ Uir.i;,'h the- 
equation for this loss is, in form, 



I'rj if.* 1 hi I 



where c is an expt-rintHi? i! * t ^ i ' 
mental data obtainable, it 5- , / , * 

/ K lost pn^sure, in pn'irj'i ; ? . 
I = length of iiijH\ iu Ji i ' . 

d = (liainetiT t.i pipr, i f *r / < , 
v = vdtu'itv HI M PI ; j ; ^ " 
/^ - ratio of ionnfr I : *'#. ' " , 

In many rules for ton)}*! *i?. ' *h 
is erroneously ojuittetj. In *\* 

variable, but In any iu-i. !! f ; : . 

except /V llitii, fur 41 j**?'?'*. '' ' 



1 1 , 

"Then the \w\ ptc^rT* -M*/ 
/^ (i -f k\ shoul* 1 ir 1*^1 iii 
way (haiitfe the jr/t f> 

With this ckiijgf* ffiu.a^;. 

II I I * M 

c *If the empre^ir t.th iii 
consumed in workti^ tiff |vt 



"During tfn* rruwiiwiu 1 i},< t - , 

flowing info tin* f4L i^'.l^i^ . ; i , 

nearlj C(m>tant prr-Mirr .'%ir !f< * k . 

few feet ; in tilhrr wi*ffj"< jr '*-. r i, > , i * ^ I ^ini riuf, 
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Evidently, if the air is heated by contact with hot surfaces 
while entering the compressor, the effective intake capacity is 
reduced. To allow for this circumstance, q a , as above computed, 

should be multiplied by 2, where n and r 2 are the absolute tem- 
peratures before and after entering the compressor, respectively. 
" Maximum Rate of Work. The compressor capacity having 
been determined, the next problem in the design of a plant is to 
find the maximum rate of work for which provision must be made 
in the steam end of the compressor. The nature of this problem 
can best be presented by first studying the case of isothermal 
compression. In this the well-known formula for work, using 
the symbols heretofore applied, is 

P 

Work per second = P x q a X log-d 2 - ( 2 y) 

* X 

" In this, P x is variable, and, evidently, the work will be o 
when P x = o, and again, when P x = P (since log i = o), and, 
by the method of calculus, it is found to be a maximum when 

P P 

log = i ; that is, when ~ = 2.72. 

*' x * x 

" Note that hyperbolic logarithms must be used in all the fore- 
going equations as they appear. If common logarithms are to 
be used, multiply by 2.3. 

u Inserting the condition for a maximum in equation (27) and 
reducing to foot pounds per second, there results 

Maximum work = 5^-<)Po9a 

^ A curve showing the work by equation (27) is given in Fig. 
25. In practice the curve does not reach zero at either end. 

^ To find the maximum work when temperature changes are 
considered, one must start with the established formula for work 

when compression is adiabatic, viz.: 



n i 
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where w is the 'temperature exponent' and equals i-n when n 



urs. 



" By the met hods of the raleulus equation ( .sX) will be found to 

i 

be the maximum when | "j /;; or when /*,, ^ . 

This, inserted in equation J AM> jj;ives 
vMaximum wirk 



When w i |i in.i\iinuin work ^.\^ /',//. 4 J*>t pounds per seeond. 
When ii i ' \ inaxintunt work ij.cj /*,.(/,, loot pounds jtrr seeond. 
Wlien n i " maximum woik S,v<> /*,./., foot pounds per MH-nl, 

the l.t I itniiif MM lia\ in;* t>* 1*11 d i\ d hy analysis of eq\iation ! .*/ K 
' \ a iir,t)< ^ppiositi'.Mf 1 ?ule t the ntaxinuiui horst* pow*r rate 

IH..V In* t,,l n >' i /* /. 

I hi in,' '.WIMM i''i*' i^ f > lid nt he MnfuM-d with the average. 

KflkieiH') Ih >MU 1** 1 i lift j. r \ h,irj' t eal*le to this ,s\> 
fi'iu i th. if .1 . (| t lr '*' *liMji in pre^surr due t> expansion into 
jjn j,v* pn- *ii- |ti| ;j I ,iHt i \\itt htiiit 11i!> tlrop is s 
in rq i t ili n *j 1 i;* atio t liji< t han^e of prepare l^ 

r i * M 
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Losses due to heat and friction are not included. It should be 
noticed that this loss is dependent on n. Its amount is illus- 
trated by the following: E changes but little with other values 
of P and p Q . 

P 100 ( n = o.i 0.2 0.4 0.6 0.8 i.o 
p 14. 7( E = 0.91 0.85 0.74 0.66 0.60 0.55 

" Friction Losses. In the operation of a plant the velocity in 
the intake pipe will be constant but the pressure variable, while, 
in the discharge air pipe, the pressure will be constant and the 
velocity variable. According to equation (25), the loss in the 
intake is, in pounds per square inch, 



and the loss due to the same air passing through the discharge 
pipe at the pressure P is 

0.000002 I (P_ x 

14-7 d\P 

To find the friction losses at intervals in the cycle, or to show 
such by a curve, assume convenient intervals of time (5 or 10 
seconds) which indicate by t x . Then 



Whence, adapting to common logarithms, 

logic P. - logic Pi - v(l+ ^ (l+k} (0-434) (33) 



Thus, tabulate P x corresponding to t x and apply the slide-rule to 
get the friction losses from equations (31) and (32). 
At any time the rate of water discharge will be 

P 
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"This can be tabulated with the other quantities, and the 
friction loss in the water pipe worked out accordingly by well- 
known formula*. Curves worked out by the foregoing methods 
are shown in Fig. .>." 

Based on Prof. Harris" formula, 'I able 5 has been prepared by 
Mr. li. T. Abrams and included in a lecture delivered before the 
Junior Class of Columbia I'niversity. 
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Efficiency. The Ingersoll-Rand Co., manufacturers of the 
return-air system, state in their catalogue, No. 75, that the effi- 
ciency averages about 55 per cent and, even under unfavorable 
conditions, the efficiency has never fallen below 40 per cent. This 
efficiency is computed by dividing the water horse power by the 
indicated horse power in the steam cylinder of the compressor, 
and, consequently, all losses of transmission, compression, etc., 
are included. 

Performance of a Return-air System. Like the plain dis- 
placement pumping system, the return-air system has been 
seldom carefully tested, and, consequently, comparatively little is 
known of the everyday performance of the system in-so-far as 
working economy and over-all efficiency are concerned. This 
is unfortunate because the field open to apparatus of this kind 
is almost unlimited and the efficiency and practical advantages 
would seem to entitle it to a broader exploitation. 

Undoubtedly the most accurate and carefully conducted test of 
return-air system was made by Mr. Arthur H. Diamant, C.E., 
and published in Vol. LIV of the " Transactions of the American 
Society of Civil Engineers/' The machinery was furnished by 
the Pneumatic Engineering Co., and installed in Shaft No. 25 
of the Croton Aqueduct. Mr. Diamant's description of the 
plant, the difficulties attending its installation and the method 
of testing with the tabulated results are well worth repeating 
here. The following is Mr. Deamant's paper, and is entitled 
"The Installation of a Pneumatic Pumping Plant." 

THE INSTALLATION OF A PNEUMATIC PUMPING 

PLANT.* 

"Before proceeding with the description of the pumping plant, 
which is to be used in case of emergency only, the writer deems 
it advisable to give a brief statement as to the necessity for its 
installation. 

"As is generally known, the City of New York receives its water 
* Presented at the meeting of September 7,' 1904. 
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supply through the Xew 
Croton Aqueduct, which 
begins at the inlet gate- 
house, near the Ohi Cro- 
ttm Dam, (Voton Lake, 
and, after reaching Shaft 
No. 24, on the Bronx side 
of Washington Bridge and 
near it, passes under the 
Harlem River tu Shaft 
No. 25 and thence to the 
terminal gat.e.-house at 
One Hundred and Thirty- 
fifth Street, near Amster- 
dam Avenue. 

"Provision lias been 
made for emptying the 
aqueduct whenever nn- 
essary. The inlet gates 
at (.'roton Lake can In* 
closed, thus preventing 
water from entering the 
aqueduct. To empty that 
portion between (Voton 
Luke* and Washington 
.Bridge, there are blow-off 
gales at Shaft \o. o 
J'oeautiYo; at Shaft \o 
14, Ardslry; at. Shalt \o. 
i H, South Yonkers, and at 
Shaft No, -?.;, ni'ai \Va. fc *h* 
ington Bridge. Then* 
are also blow-oil pip<"* on 
the stretch betwmt Shaft 
No, 25 uttd the terminal 
gate-house so that ihc 




; ]| : '. " "!>'!' 

yl * ** I 



54 PUMPING BY COMPRESSED AIR 

aqueduct can be made to empty itself, with the exception of 
that portion constituting the Harlem River crossing or siphon, 
Fig. 26. This siphon is emptied by Shaft No. 25, the pump- 
shaft. 

" Shaft No. 25 (see Fig. 27) is really a double shaft, the north- 
erly one being the aqueduct-shaft, and the southerly one the 
pump-shaft. 

"The aqueduct-shaft is 12.25 feet in diameter, and, at a point 
about 10 feet above high water, the aqueduct continues on its 
way to the terminal gate-house. The pump-shaft, also 12.25 
feet in diameter, is completely lined with iron, and contains a 
sump extending 21.75 feet below the bottom of the siphon tunnel. 
An opening, i foot 8 inches by 2 feet 6 inches, and 3 feet below 
the invert of the tunnel, regulated by a gate, admits the water 
into the pump- shaft. This gate, being 417 feet below the top 
of the shaft, is of composition metal, moving in solid composition 
grooves, and is designed so that no obstructions can accumulate 
in the frame. It is raised by a square stem, 3.5 by 3.5 inches, 
guided every 12 feet, and contained in a 3-foot pipe built in the 
masonry. This pipe also contains a ladder reaching from the 
top (Elevation 84.5) to the bottom (Elevation 312.75). A plan 
of the connection is shown in the ' Section through AB, ' Plate I. 
As each shaft is under the hydraulic grade, it can be closed by 
a double set of manholes with covers. For the purpose of blow- 
ing off the water, each shaft is connected with a 48-inch cast- 
iron pipe, with two gates, and discharging into the river. 

"Over the pump-shaft was erected a bucket-hoist, com- 
posed of two alternating buckets, each of 1390 gallons capacity. 
These were raised and lowered by a horizontal steam engine 
capable of emptying each in 0.5 minute. Fig. 28, prepared 
by Mr. F. S. Cook, Engineer in Charge of the Draughting Bureau 
of the Aqueduct Commissioners, shows the volumes of water to 
be lifted in emptying the siphon. With this plant, it would have 
taken from 15 to 18 hours to accomplish this task, provided the 
engines could have continued at the aforesaid rate. As shutting 
down the aqueduct would entail serious inconveniences, the 
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4K<iiH'h, being the Improved hori/ontal type, with Corliss valves. 
Free air* being compressed, passes through coolers, through a 
switch apparatus, down pipes into four water tanks working in 
pairs at the bottom of the pump-"<haft. An auxiliary compressor 
supplies llir necessary air tor* running the plant with tin* greatest 
efficiency, 'Set 4 I1a.tr !!,) The system is described more fully 
in the latter part of tins paper, 

"The installation was attended with peeuliar difficulties. 
Leaks have developed in tin* pump shaft, since its construction, 
keeping it ndl of water up ft* tin* blow -off pipe. Weir measure- 
nieuts taken in this pipe show a leakage f about ,cx> gallons per 
minute. As there \\a* rui way of emptying the shaft and keeping 
it empty, .ill wrk had tu be dour on an eretliug platform built 
near the blow nil pipe, A 5 inrlt ejetlur kept tin* water about 
I > fret lielow the pkltlWm, 

** A ' lu-ioti* :-.tatrd, the >hafl is Inflow the hydraulic grade. If 
the gale between the aijuedui I -shaft and the pump-shaft were 
IH be npened, and lite blmv *lf gates t"lo-si*d, it would be ueressary 
to put .*n the mvrrs. itf the manholes in flu* diaplinigms, I ; or 
this rea'-in. thr ait pipes trading ilwn U> the ftnir water tanks 
(M-e flair J; iiuld n*t pass thnug!i the manhole openings, but 
had !** pav* ihrnigh four holes bureft through the brickxvork and 
IfMii lining *( tin* f \v* tliaphragnts, As seen in the drawing, these 
diaphragm arr railt about i JVel fliic k, with a span* of n,y feet 
hrtvveen tlu'iu. Ihr Kaud iM'ill Company's Davis Calyx drill 
was UM'd in tnakstiit thi* fniir holes, e;uli <j incites in diameter, 
Mrrl '-h>t liriiii* n%rl ftif llir I'uttifig siirfaee. (*<rrs, fruin ^ to 4 
fn-1 itti!H, wrrr t.tkrii out, h!!iwiii| tin* rfikiff!i;y t>f drills of this 



r flit- |i!if|ir- 5 r *f lining thrsr holrn, ami making them run- 

i brt \vira i!4.|*lii"*i|p!iH, a ft. 75 tiuii cast -iron pi|% with a 
at our nul, w.e^ |i!.i/nl iiir;iilt holt* uf the upper diapltragm, 
flu* ibfif*!" 1 rrstiiij* ttii its iifiprr 4de, A simitar pipt- was placed 
in r.u It li^lr uf ilie lower diaphragm, the flange being bolted to 

fin* inm of thr ufiilrfsidr tlirrruf, A -short length of pipi*, 

of tin* iiisltlr diiiinrli^ and with a hut* on eacli end, con- 
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nected the two pipes of each hole. Perfectly tight joints were 
made with lead. The utmost care had to be taken in pouring 
the lead as there was a great deal of moisture in the space between 
the diaphragms. 

"While these holes were being drilled, the old bucket-hoist 
engines were taken apart and removed, the buckets having been 
taken out of the shaft previously. The old brick foundations 
also had to be cut away to make place for the new ones. The 
new foundations, both for the compressor and the steam engine, 
are each 9 feet high, 8 feet wide and 32.5 feet long. They are 
composed of a i : 3 : 5 concrete mass finished with a i-foot granite 
coping stone over the entire top. The foundation of the auxiliary 
compressor is also of concrete, with granite coping stones. 

"The different parts of the system having arrived, the first 
pair of tanks was taken into the engine-house and placed in 
proper position near the top of the shaft at Elevation 84.5. The 
second pair was then placed also. These tanks are 17.5 feet 
high and have an inside diameter of 4 feet 2 inches. A cage, 
operated by a small Otis steam engine, carried the men from the 
top of the shaft down to the blow-off at Elevation 5.17. This 
cage could be shifted to pass through the north or south opening 
as necessity required. With the four tanks, a clearance for the 
elevator cage, a 36-inch water main and gate, and the lifting 
machinery for the connecting gate between the aqueduct- and 
pump-shafts, there was very little room to spare. 

"Fig. 29 is a front view of the tanks and fittings assembled at 
Elevation 84.5, before being taken apart to be lowered to the 
erecting platform. The photograph shows one pair of tanks, 
the manner in which they are connected, the intake pipe with the 
lo-inch check-valves admitting water into the tanks, the 14- 
inch discharge pipes with lo-inch check-valves opening outward, 
the s-inch air pipes, and the I-beams and hangers for lowering 
the tanks. The discharge pipe passes into each tank within 
about 6 inches of the bottom, a cone at this point guiding the 
water from the tank into the discharge pipe (see Plate I). Near 
the top of the inlet pipe is a cast-iron groove which is to slide 
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along the old bucket-guides in the shaft. Grooves similar to 

this are on the plates connecting the tanks near the bottom, and 
also on the plates in the back of the tanks, The I -beams and 
hangers to which the wire cables of the lowering apparatus are 
attached can be seen near the extreme top of the photograph. 
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joints, so that, even if the tanks did not rest perfectly level on 
the bottom, the pipes could be carried up vertically, by means 
of these joints, which were perfectly tight. 

"The i4-inch discharge pipes are rolled-steel tubes with cast- 
steel flanges. These were shrunk on the tubes, and the ends of 
the latter were upset. The pipes were delivered in this condi- 
tion, but, as the upset ends projected from J to f inch beyond 
the faces of the flanges, this part had to be removed, otherwise 
no tight joints could have been made. To return the pipes to 
the foundry would have caused the loss of too much time, there- 
fore a lathe was rigged up outside of the engine-room. Sand 
was strewn over the space to be used, some iron-grating floor- 
plates from the shaft-house were embedded in the sand, and 
several pieces of the coping stone of the old engine foundation 
were placed on top of the plates. Two 1 5-inch I-beams, 20 feet 
long, with a space of about 4 inches between them, were laid on 
top of the stones and fastened firmly by steel rods passing down 
to the grating plates. The |-beams were leveled carefully, and 
the i4-inch pipes, being laid on top, were thus also level. The 
pipes were held fast by a V-shaped clamp at each end. A chuck 
holding the cutting tool was geared to a shaft which was revolved 
by being belted to a small vertical steam engine. The tool was 
fed automatically into the flange to be faced by means of a star 
wheel which, at each revolution of the chuck, would strike one 
of its prongs against a projecting board, thus causing the tool to 
cut deeper. This apparatus proved to be very efficient, as the 
faces off the flanges were made absolutely at right angles to the 
axis of the pipe, thus ensuring a perfectly straight column when 
the lengths were bolted together. There were thirty-two pieces 
to be faced on each end, and the entire work was completed in 
ii days. 

"While this was being done, men were engaged in placing an 
erecting platform, just below the blow-off. This consisted of 
brackets fastened to the east and west sides of the shafts with 
bolts let into the iron lining. On these brackets was placed a 
i5-inch I-beam, which was bolted down. Resting upon this 
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beam, and also upon brackets fastened to the north and south 
sides of the shaft, were placed ut-mch timbers, over which a 3- 
inch plank flooring was fastened. All drilling for stud-bolts was 
done with a pneumatic drill, the air being supplied by a small 
Rand Drill Company's compressor on top of the shaft, 

"Just before the erecting platform was completed, there 
occurred the only accident during the entire installation. For- 
tunately, this was attended with no serious results. In order to 
lower the tanks, it was necessary to remove the catch-basin into 
which the buckets of the old system discharged. The' bottom 
plate is shaped lilt* a segment of a urile, with a chord of 1 1 feet 
6 inches* and a rise of j feet 10 indie*, flu* rudiu* of the arc being 
6 feet 1 1 iiii lus. The weight of the plate about pounds. 
Two tS by i* inch hole,s had been nil into it some yearn ago, 
Two workmen were on top of the* plate p;tk4iig a chain through 
one of the holes, when it *lip]ted from it* hearings, tipped over, 
and dropped to the bottom, ;t dUtame of t y t i feet. 'Hit* men 
wen* thrown into the water, but, with the exception of some 
brutsex were nut injured seriously. 

"Before lowering the th! plate had to be recovered. 

Acrordingly, the writer, with an assitttunt, sounded rvery foot 

nf tin* bottom of I hi* rJiufl with a sttvl t;tjr and lead weight, anil 

fnrtutiati* enough to liifr or* f Uu* 8 by t*i-iiirh holes, 

A i hatn \\ltli a at ilit* i*tnl was fastrnnl to tin* elevator ntbl% 

lowertul in flic* bitlfwiii, and gui<lut from tlu* rrerting platform 

by u riiihou tajn*. Thr holt*, lnr;itffl by prrvioun souudingH, wan 

found, iifiiT two * ir Itirrr f rials, th* pliitc* hoist t*ti 

t llit* surfiue, A corner lirokni till the only damage 

thi* platr 8 4i*4;ilnrt! t 

**AH tin* iiidtc'iitftf tiilt at tlir Inittom of th 

shaft, oC into tfir shaft, tin* hotti>tn 

bring thus fairly Icvdktt 

"The iir>t pair of wliirlt had been n>HtmI>Ic % ci 

at Hlrvation 84.5, wan apart, preparatory to bring 

lowerril lt> f tii % iwting plat fi>rm, The etevalt>r hotnted 

out of ttti* mi its cable could bt* Enc;h tank 
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of 150 pounds, as were also the tanks and valves before lowering, 
to insure perfect tightness of all joints. The load was now raised 
slightly, the clamps removed, and the tanks lowered 20 feet. 
The procedure being the same, the tanks were lowered another 
20 feet, this time, however, the clamps rested on the I-beams of 
the lower A-frames.. The three 20-foot lengths of cable were 
now taken out and replaced by a 6o-foot length, and the cycle 
again started. In this manner the first pair of tanks was safely 
lowered to the bottom of the shaft, a depth of 332 feet. Pipe- 
guides or stays were fastened to the pipes every 60 feet, the ends 
of the stays sliding along the old bucket-guides. The total 
weight lowered was estimated at about 40 tons. The elevator 
cage was now shifted to the other side of the shaft, as was also 
the hydraulic lift, and the second pair of tanks was lowered in 
the same manner as the first. All parts before going down were 
painted both outside and inside with two coats of 'Nobrac' paint. 
"The top of the discharge pipe of the second pair of tanks was 
about 4 inches above that of the first pair. Short lengths of 
discharge pipe added to each brought them to the same level. 
To this discharge pipe was added a T-piece. A Y connected the 
T-pieces, and a 20-inch goose-neck of galvanized-iron pipe was 
bolted to the Y- This pipe discharged into a catch-basin at the 
entrance of the blow-off, the bottom plate being the same one 
that fell to the bottom of the shaft, the sides being smaller than 
those of the old one. Cover-plates were bolted to the top of the 
two T-pi^ces. The four 5-irxch air-pipes were now carried up to 
Elevation 84,5. Glands, through which these pipes passed, were 
bolted to the flanges of the iron lining of the holes through the 
upper diaphragm, so that, if the covers of the manholes were put 
on, the water could not pass between the air-pipes and the lining 
of the holes. When the shaft was built, a 4-inch pipe from the 
bottom of the lower diaphragm to a point i or 2 feet above the 
hydraulic grade served as an air- vent when the manhole covers 
were on. This pipe had been removed, above the upper dia- 
phragm, and the two f -inch pipes were carried through this 4-inch 
opening to the top. This 4-inch pipe was afterward replaced. 




PUMPING BY COMPRESSED AIR 



"At Elevation 84.5 the four 5-inch air-pipes were connected 
with two manifolds, and from each of the manifolds an 8-inch 
air-pipe led to the switch. By means of these manifolds, any two 
tanks could be cut out of service and the pumping done with the 
other two. (See elevation of general plan, on Plate II.) The 
two f -inch pipes from the air chambers were connected by a Y, 
and led to the 8-inch air-pipe from the after-coolers to the switch. 
A f-inch pipe from the same point, with a pin-valve to allow 
air to leak into it, was hung down into the shaft, within 6 feet 
of the bottom, passing through the 4-inch opening through the 
diaphragms. This shows the pumping level and the pressure due 
to the head of water in the shaft. An 8-inch pipe carries the 
return air from the switch to the compressor on the side opposite 
the free-air valve. 

"The switch consists of a plunger, with a stroke of 6f inches, 
operated by a piston moving in a smaller cylinder. The air is 
introduced into this smaller cylinder by a valve which depends 
for its action on a piston in a small cylinder, which, in turn, is 
caused to move by the action of a disc-valve. (See Fig. 30.) 
The disc or diaphragm is 6 inches in diameter, with a movement 
of fy inch, and consists of two thin sheets of bronze and one sheet 
of steel. A f -inch pipe conveys the return air from a point near 
the top of the cylinder of the plunger to one side of the disc- valve 
and the f-inch pipe, which shows the pumping level and pressure 
due to the head of water, leads to the other side of this valve. 
This latter f-inch pipe, connected with the 8-inch pipe from the 
after-coolers to the switch, receives air through a pin-valve, and 
is also piped to a gauge on the gauge-board, so that the pumping 
level and the pressure due to the head of the water can be seen 
at a glance. A small reservoir on this line gives a constant sup- 
ply of air. The small, return air-pipe is also piped to a gauge, 
showing the return pressures. The difference between the 
pressure due to the head of the water in the shaft, which for the 
same levels is constant, and the return pressure (which is varying 
constantly, and drops to zero when the switch acts), causes the 
disc-valve to move. As the operation of tke switch requires 
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an air pressure of only about 50 to 60 pounds per square inch, a 
f-tnch pipe from tin* S-inch compressed-air pipe conveys the air 
through a reducing valve to the cylinder on top of the plunger, 
and to thr piston of the small cylinder operated by the disc-valve. 
A reservoir on tins line also ensures constant, pressure. This 
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below the piston in the cylinder above the plunger, the plunger 
acts and the air is sent alternately from one 8-inch air-pipe into 
the other, one of these 8-inch pipes always serving to return the 
air through the switch to the compressor. (See Plate II.) Pro- 
vision is also made for operating the actuating valve by hand. 

"The auxiliary compressor was set up, the large compressor 
and engine were adjusted, the piping was completed between the 
auxiliary compressor, the large compressor, the switch after- 
coolers, and the receiver, and the plant was ready for operation. 
Before pumping, all joints were tested as to tightness. 

"The action of the plant is as follows: The large compressor is 
first started; the exhaust valve 'being closed, it requires about 
312 revolutions of the fly-wheel to charge the system, the free 
air being compressed to 150 pounds per square inch. The free- 
air valve is now closed and the switch thrown over by hand. The 
compressed air passes from the compressor through the two after- 
coolers, into a receiver supplied with a safety valve, and also 
through the switch through one of the 8-inch pipes, through its 
manifold into the 5-inch air-pipes and into one pair of tanks. 
The air entering this pair of tanks forces the water through the 
discharge pipes and empties the tanks. As soon as this occurs, 
the return pressure from the other pair of tanks being less than 
the pressure due to the head of the water in the shaft, the actua- 
ting valve of the switch acts, the plunger moves, compressed air 
enters these tanks, while the air from the other pair is returning 
through the switch into the compressor to be used over again, 
and so on. A cycle consists of the number of revolutions of the 
fly-wheel necessary for the compressor to empty one pair of 
tanks to the point of starting to empty the other pair. The 
number of revolutions per cycle varies for different pumping 
levels, but is constant for the same level. If there are too many 
revolutions in charging the machine, or if there are too many 
revolutions per cycle, the air follows the water through the dis- 
charge pipes, and thus the system loses the air, necessitating the 
opening of the free-air valve of the compressor and recharging. 
After the plant has been working, a certain amount of air is lost, 
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and in order to keep up the proper number of revolutions per 
cycle the auxiliary compressor is started, and furnishes the air to 
keep the system working efficiently. 

" Before the final test, many trials were run. Indicator dia- 
grams of the Corliss engine -were taken, and adjustments were 
made. The goose-neck discharge pipe was removed, and a 20- 
inch Gem meter placed in its stead. The cover-plates were 
taken off the T's, and a 20-foot length of 14-inch galvanized-iron 
pipe was added to each, so that no air would pass through the 
meter, but would escape through these pipes. (See Plate II.) 
Many over charges took place before the proper number of revo- 
lutions per cycle for different pumping levels was determined. 

"The 2o-inch Gem meter consists of a system of helicoids 
formed around a vertical central hub, revolving in a cylinder 
slightly greater in length, and having a diameter just large enough 
to receive it. A screen at the lower end of this cylinder serves 
to keep large objects from entering the meter. The axle of the 
hub is geared to the meter register, which contains six figures 
and reads thousands of gallons. 

"As it was necessary to test the accuracy of this meter, before 
using it, to determine the efficiency of the pneumatic pumping 
plant, F. W. Watkins, M. Am. Soc. C. E., Division Engineer of 
the Aqueduct Commissioner's Engineering Department, assisted 
by the writer, made a test of the meter at the testing plant of 
the National Meter Company, in South Brooklyn. 

"The test consisted of a comparison of the meter register 
records with weir measurements of the same volume of water. 
The water to be measured was elevated by a centrifugal pump 
operated by a Nash gas engine to a height which gave a head 
sufficient to force the desired amount through the meter. The 
water passed from the pump, through a screen, into a small fore- 
bay, thence through the meter into the L-shaped weir chamber. 
The base of the L is about 8 feet long and 8 feet wide, and the 
long side, constituting the main weir chamber, is 33 feet long, 12 
feet wide and 6 feet deep below the level of the weir crest. Baffle 
boards, placed in the angle of the L, serve to break up any eddies 
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Figs. 31 and 32 were furnished by John H. Norrk M. Via. Su< 
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"The weir notch is of cast-iron plates, the plates forming the 
sides of the notch being adjustable, HO that any length of wier, 
up to 8 feet, can be obtained. The crest was formed by beveling 
the down-stream face at an angle of 45 degrees, leaving a truly 
planed edge | Inch thick, the vertical sides having a similar bevel 
The distance from the biitttim of the weir chamber to the crest 
is 6 feet. 

4 "The apfiaratus fur measuring the head on the weir consists 
of two 1 2-inch cast-iron set on end just outside of the catch- 

basin, one containing a float for the autographic record, the other 
the movable hook-gauge*. 

41 Them* pi|K's arc* connected by a jsinch pipe from which a 2- 
inch pipe* leads the wall of the catch-basin, with a valve 

at the* cither Another s-iwh pijxr runn from this pipe to the 

bottom of the catch-basin, makes a right-angle bend, thence, 
tci and ( above the floor, it runs into the 

weir chamber with a j4rtch pipe at right angles to 

it, to tin* and ninuit 6,25 feet from the weir 

plate. Thin latter {wrforutedi with eighteen holes, each 

I 1 ,! Inch in diameter. ji.) 

"Before the test, the relation of the hook-gauge and 

the !ti thcs weir was determined as 
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Watkins as the standard measure for the pneumatic pumping 
plant at Shaft No, 25. 

41 As it was impossible at that time to shut down the aqueduct, 
so that the siphon could be actually emptied, it was decided to 
pump at different water levels in the pump-shaft. The water 
was iirst pumped out through the blow-off pipe, until its surface 
about 50 feet below it, when the gate was closed far enough 
to allow only the leakage into the shaft to pass through, the 
remaining water running back into the shaft. After pumping 
at this level for an hour, the gate was opened and the water 
pumped clown to i js feet below the blow-off, when the gate was 
dosed clown again to allow onl> tht leakage to ran oil. In like 
matmrx the plant was tested far kvels 175^*23 and 300 feet 
ix*low flic* blow oil. 

"The average xoiumes ptmipul per minute, as indicated by the 
(iem meter, wen* as follows: 



At H frr 

At i 55 fee 

At 175 fee 

At * |0 fee 

At Jifi fee- 



belt >w tltt* bloW'off * , ,6,?oo gallons per minute, 
below tht* blow-off, * . .6o.*o gallons per minute. 

In low flit* hloW'off . , 52 to gallons per minute, 

btlow tin* blow off. . , ,4286 gallons per minute. 



In low the blew -off. . , . JiBo gallons per minute. 

Tables 7, 8 <) the* details of these tests. 

** li kit! also agreed to run an emlurinee tost of 12 hours, 

at a level altout 174 feet Mow the blow-off, but, owing 

In tin* of several ltt>ilern, suftident steam could not 

hi obtained the tent jH^tjxmed for several weeks. In 

tin meantinu, the machinery was overhauled; a revolution 

counter plrd on the auxiliary compressor, and a small 

luhritator attacheti to the switch- plunger cylinder. A 

*teain 'onnecteil with the line of water pipe 

tin* .tMiuh pipe to the water jackets on the 
ami ami also to the after- coolers, as pre- 

vious to thin not ftuftUieut water to keep the air properly 

cooled." 
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CHAPTER IV 




THE AIR LIFT 

In general, the system of pumping water from bored wells i 
termed the "air lift. 77 This is by far the most common rnetho 
of compressed air pumping. The air lift is found in municips 
waterworks, ice factories, breweries, irrigation plants, dye works 
cold storage and packing houses, and numerous other places th 
world over. In spite of its universal application there is littl 
known by engineers concerning its proper design and installatior 
This is due to scarcity of literature on the subject; and ther 
too, the system is apparently so simple that at first sight it doe 
not seem to merit the thought and analysis that almost ever 
other proven mechanical appliance or device receives. 

Historical. We find in the book of Heron the first appli 
cation of compressed air to lifting water. The arrangement i 
known as the "Fountain of Heron/' both compressor and pum; 
being combined in one system. Fig. 33 illustrates diagrammati 
cally the ingenious principle of operation. 

The air-tight vessels -4 and B are connected by pipes as showr 
B is divided into two compartments C and D Pipe a connect 
compartment C with the top of vessel A and pipe 5 connect 
the top of compartment D with the bottom of -4. Pipe j is th 
discharge or eduction pipe. The operation is as follows: 

Water is admitted into D through the pipe k and valve v unt 
some predetermined level such as ef Is reached when, the suppl; 
is cut off by closing the valve. Water is next admitted to < 
through pipe w and flows down pipe a into A, As the wate 
level in A rises, the air above the surface is compressed to a pres 
sure corresponding to the height of the water column in a an< 
C, This air pressure is exerted on the water surface ef forcing 
the contents of D out through the discharge pipe/* 
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The "Foru^tain of Heron" was employed about the middle 
of the iStb. century in the mines of Chemnitz, Hungary. In 
1797 some laboratory experiments were performed by a German 
mining en.gin.eer, named Loscher, on an air-pumping system of 
his own invention. His experiments are described in a pamphlet 




l Water 
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Fie. fr 

entitled Aerosfatiches Probably the first practi- 
cal installation of the air-lift proper was .made on oil wells 
in Pennsylvania, about 1846, by an American named 
Cockford. At about this time Siemens, in England, experi- 
mented with the air lift, and in 1865 A. Brear what he 
terms an "oil ejector/ 1 In Fig, 34 is shown the 
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used by Brear. In letters patent No. 47793 ^ e explains the 
operation of his invention. The principle is plainly indicated 
by the arrows in the illustration. 

In 1880 J. P. Frizell was granted a patent (No. 233499) on. a 
" New Method of Raising Water by Means of Compressed Air." 



== A 



FIG. 35. 

Fig. 35 shows this invention in detail, and it is described in the 
letters patent as follows: "My present invention has for its 
object the elevation of water in a simple and convenient manner 
by the introduction thereunder of compressed air; and it con- 
sists in causing a column of water to ascend in a pipe or conductor 
by the injection therein, at or near its bottom, of compressed air, 
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the weight of the air and water thus commingled being overcome 
by the weight of the external water, which is thus utilized as a 
motive power to elevate the water to the desired point. To 
enable others skilled in the air to understand and use my inven- 
tion, I will proceed to describe the manner in which I have 
carried it out. In the said drawing, which represents, in se ; c- 
tion, my contrivance for elevating water, A denotes the surface 
of the body of water to be drawn from, and B the reservoir into 
which it is to be raised. C is a shaft or pit sunk in the earth to 
a depth corresponding to the pressure of the air used, and com- 
municating with the body of water A. b is the rising pipe ex- 
tending from near the bottom of the pit up to the reservoir B. 
The height from the surface A to the surface of B is the lift. 
Experiments show that the depth of the pit, reckoned from A, 
should be as much as five or six times the lift. 

" Into the bottom of the rising pipe is fitted the hour-glass-shaped 
pipe 5, enclosing between the two pipes the annular space EE. 

"The upper end of the pipe 5 is perforated with a great 
number of minute orifices, F, as indicated by the black dots. 
The lower end expands to a greater width than that of the rising 
pipe in order to diminish the resistance of the water in entering. 

"The pipe D, leading from the source of compressed air, opens 
into the annular space EE. The pit or shaft C and rising pipe 
b being filled with water to the level of A } compressed air is 
admitted to the pipe D and passes into the annular space EE, 
thence through the perforations F into the water in the pipe 6, 
through which it rises in the form of minute bubbles. 

"The pipe D, which conveys the compressed air, may pass 
down in the pit C, as shown, or inside the rising pipe 6, or outside 
the pit C in the ground if preferred. 

"The pit or shaft C may, of course, be dispensed with if there 
is naturally a sufficient depth of water, it being merely necessary 
to introduce compressed air within the pipe or conductor, 
through which the water is to be raised at or near its bottom in 
order that it may rise, expand and diminish the weight of the 
column of water therein, as before described." 
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In 1884 another patent (No. 309214) was granted to S. S, 
Fertig on an annular tube pump. In 1885 Werner Siemens 
used an air-lift pumping arrangement in a mine shaft neai 
Berlin, and in the same year Laurent used it for lifting sulphuric 
acid in France. 

In 1892 Dr. Julius G. Pohle was granted a patent (No, 
487639) on an "air lift." Fig. 36 shows the Pohle air lift whict 
differs in action and principle from the Frizell only in the appli- 
cation of the compressed air. Dr. Pohle describes his inventior 
as follows : 

"The object of the invention is to successfully and practicall} 
effect the elevation of the water to a much greater height thar 
has heretofore been deemed economic with compressed air anc 
to avoid the results due to an intimate commingling of the aii 
and water, as well as to dispense with all valves, annular spaces 
and solid pistons. In accordance with my invention the air is 
not directed into the water in the form of fine jets or bubbles 
which would very readily commingle intimately with the water 
but is delivered in mass, and the water and air ascend in well 
defined alternate layers through the eduction pipe. 

"The drawings represent the apparatus in a state of action 
pumping water the shaded sections within the eduction pip< 
W representing water layers" and the intervening blank space: 
air layers. 

"At and before the beginning of pumping, the level of th< 
water is the same outside and inside of the discharge pipe ( 
incidentally; also in the air pipe. Hence the vertical pressure; 
per square inch are equal at the submerged end of the discharg< 
pipe. When, therefore, compressed air is admitted into th< 
air pipe #, it must first expel the incidental standing water befor< 
air can enter the eduction pipe W. When this has been accom 
plished, the air pressure is maintained until the water within th< 
eduction pipe has been forced out, which it will be in one un 
broken column, free from air bubbles. When this has occurred 
the pressure of the air is lowered, or its bulk diminished, anc 
adjusted to a pressure just sufficient to overcome the externa 
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FIG. 36. 
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water-pressure. It is thus adjusted for the performance of regu- 
lar and uniform work, which will ensue with the inflowing air and 
water which adjust themselves automatically -in alternate layers 
or sections of definite lengths and weights. It will be seen in the 
drawings that the lengths of the water columns (shaded) and air 
(blank spaces) / and I are entered of the discharge pipe W, also 
that under the pressure of two layers of water, i and 2, the length 
of the air column 2 is 6.71 feet long, and so on. The lengths of 
aggregate water columns and the air columns which they re- 
spectively compress are also entered on the right of the water 
pipe. On the left of the water pipe are entered the pressures 
per square inch of these water columns or layers. Thus the 
pressure per square inch of column i is seen to be 1.74 pounds; 
that of 2, consisting of two columns or layers i and 2, each 4.02 
feet long, to be 3.49 pounds, and that of 10, consisting of nine 
columns or layers of water i and 9, inclusive, each 4.02 feet long, 
and one 3.80, viz., layer 10 feet in length to be 17.35 pounds and 
the aggregate length of the layers of water is 39.98 feet in a total 
length of 91 feet of pipe. It will be noted that the length of pipe 
below the surface of the water in the well is 55.5 feet and that the 
difference between this and the aggregate length of the water 
layers (39.98) is 15.52 feet, that is, on equal areas the pressure 
outside of the pipe is greater than the pressure on the inside by 
the weight due this difference of level, which is 47.65 pounds for 
the end of the discharge pipe. It is the difference of 15.2 feet, 
acting as a head that supplies the water pipe, puts the contents 
of the pipe in motion and overcomes the resistance of the pipe. 
In general, the water layers are equal, each to each, and the 
pressure upon any layer of air is due to the number of water 
layers above it. Thus the pressure upon the bottom layer of 
air 10 in the drawings is due to all the layers of water in the pipe 
(i7-35 pounds), and the pressure upon the uppermost layer of 
air i is due to the single layer of water i at the moment of its 
discharge beginning viz., 1.74 pounds per square inch. As 
this discharge progresses this is lessened, until, at the completion 
of the discharge of the water layer, the air layer is of the same 
tension as the normal atmosphere." 
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In 1898 Mr. W. L. Saunders invented an air-lift pumping 
system in which air and water discharge takes place through a 
central pipe suspended from the well top. Referring to Fig. 37, 
compressed air is forced into the space between the discharge pipe 




FIG. 37. 

and well casing. This space is called the "pressure chamber/' 
As the air pressure rises in the pressure chamber, the water level 
is forced downward until, finally, the end of the discharge pipe 
is uncovered when, immediately, compressed air enters the dis- 
charge pipe. This loss of air slightly lowers the pressure in the 
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chamber and the water rises in the chamber a distance equiv 
lent to the pressure loss. The incoming air soon raises tl 
pressure in the chamber, and the water head is again lowere 
beyond the end of the ^'discharge pipe, when air again escape 
pressure reduction again occurs, and so on. Thus, it is claime< 
alternate layers of air and water are formed which maintai 
their form until a point at or near the discharge is reached whe 
a breaking up occurs. 

Since 1898 a number of patents have been granted on speci; 










FIG. 38. 

types and designs of foot pieces. Some of these are describee 
and discussed on the following pages. 

Principle. The favorite method of illustrating the principL 
of the air lift is to assume a pipe open at both ends and partiall) 
submerged in a lake or other open body of water, as in A, Fig. 38 
The water stands at the same level both inside and outside the 
pipe. 

Assume now that a piston of air is forced down the outside of 
the pipe and up into the end, as in J3, Fig. 38. This air pistor 
displaces an equal volume of water in the pipe and, since air is 
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lighter than water, the hydrostatic pressure of the outside water 
column upon the lower end of the air piston is greater than the 
pressure due to weight of the air and water above on the inside 
of the pipe. This unbalanced condition causes the air piston to 
rise carrying the water before it until the level inside the pipe 
reaches a distance h (C, Fig. 38) above the level outside. The 
head h is equivalent to the difference between the weight of the 
air piston and the weight of the water it has displaced. 

Another air piston admitted to the pipe end will, in the same 
way, cause the water in the pipe to rise higher. As more air 
pistons are admitted the water level will continue to rise until 
the upper pipe end is reached when overflow of air and water 
occurs. With a continued admittance 
of air pistons and continued overflow, 
there, obviously, always exists an un- 
balanced condition of pressures inside 
and outside the pipe which keeps up 
the discharge or overflow as long as air 
and water are provided at the lower pipe 
end. 

This will be recognized as the Pohle 
description of the operations of an air 
lift. The air pistons mentioned by Dr. 
Pohl6 do not, however, entirely fill the 
cross section of the pipe in actual prac- 
tice. In other words, there is a space 
between the air piston and the walls of 
the pipe, which space is filled with water, 
as shown in Fig. 39. Each rising piston of air then does not 
carry all the water ahead of it, but some water escapes down- 
ward (with relation to the moving piston) around the piston. 
Thus, the air " slips " by a certain amount of water, and the loss 
which is known as slippage is. the greatest to be contended \srith 
in this system of pumping. 

In the Frizell system of operation small air bubbles are made 
to displace the water in the discharge pipe instead of larger air 




FIG. 39. 
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pistons. A comparison, of the Pohle and Frizell systems is 
shown in Fig. 40. Both systems clearly depend upon a differ- 
ence of pressures or, more correctly, specific gravities of the 
columns outside and inside the discharge pipe. 
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FIG, 40. 



Air-lift Theory. A number of attempts have been made to 

develop mathematical theories of the air-lift pump, but with- 
out satisfactory results. It is impossible to derive truly accurate 
formula the air-lift theory because of the many 

uncoatrolkble variables met with. Probably the best theories 
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that have been advanced thus far are those of Prof. Elmo G. 
Harris in Compressed, Air, and Dr. H. Lorens in Zeitschrift des 
Vereines Deutcher Ingenieure, Vol. 53. Both of these discussions 
are given in full on the following pages. 

Harris' Theory.* " In Fig. 41, P is the water discharge or 
eduction pipe with area a, open at both 
ends and dipped into the water. A is 
the air pipe through which air is forced 
into the pipe P, under pressure neces- 
sary to overcome the head D. & is a 
bubble liberated in the water and hav- 
ing a volume which increases as the 
bubble approaches the top of the pipe. 

"The motive force operating the 
pump is the buoyancy of the bubble of 
air, but its buoyancy causes it to slip 
through the water with a relative 
velocity u. 

"In one second of time a volume 
of water = au will have passed from 
above the bubble to below it and, in 
so doing, must have taken some abso- 
lute velocity s in passing the contracted 
section around the bubble. 

"Equating the work done by the 
buoyancy of the bubble in ascending, 
to the kinetic energy given the water 
descending, we have 
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FIG. 41.. 



or 



wOu = wau where w = weight of water, 

2g 

^ = il 
a 2 e 



(35) 



is equivalent of the head h at the top of the pipe which 

is necessary to produce s, therefore h = - . 

a 

* Taken from " Compressed Air " by Prof. Elmo G. Harris. 
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" Suppose the volume of air O to be divided into an infinite 
number of small particles of air, then the volume of a particle 
divided by a would be zero, and therefore s would be zero; 
but the sum of the volumes would reduce the specific gravity 
of the water, and, to have a balance of pressure between the 
columns inside and outside the pipe, the equation 

wO = wah must hold. (36) 

Hence again h = , showing that the head h depends upon the 
a 

volume of air in the pipe and not on the manner of its subdivision. 
"The slip u of the air relative to the water constitutes the 
chief loss of energy in the air lift. To find this apply the law of 
physics, that forces are proportional to the velocities they can 
produce in a given mass in a given time. The force of buoyancy 
wO r of the bubble causes in one second a downward velocity 5 
in a weight of water wau. Therefore, 

wO s f \ 

(37) 



whence u = s 

a s 

But - = 

a 2g 

as proved above. 

Therefore U = - = \Q& (38) 

2 y a 2 

"This shows that the slip varies with the square root of the 
volume of the bubble. It is, therefore, desirable to reduce the 
size of the bubbles by any means possible. 

"If u = - , then the bubble will occupy half the cross section 

of the pipe. This conclusion is modified by the effect of surface 
tension which tends to contract the bubble into a sphere. The 
law and effect of this surface tension cannot be formulated nor 
can the volume of .the bubbles be ^entirely controlled. Unf ortu- 
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nately, since the larger bubbles slip through the water faster than 

the small ones, they tend to coalesce; and, while the conclusions 

reached above may approximately exist about the lower end of 

an air lift, in the upper portion where -the air has about regained 

its free volume, no such decorous proceeding exists; but, instead, 

there is a succession of more or less 'A. 

violent rushes of air and foamy water." 

Lorenz's Theory.* " Let 

pi = the pressure in the foot piece; 

p b = the barometric pressure acting 

on the surface of the water 

in the well, and also on the 

discharge end of the pipe A } 

Fig. 42; 

u w = the density of the fluid pumped; 
w w = the weight per second of the 

water pumped; 

w a = the weight per second of the air 
discharged through the pipe 
S; 
Ui = the density of the air at the air 

inlet in the foot piece; 
u b = the density of the air at the 

discharge end of pipe A ; 
v t = the velocity of the liquid in the 
pipe A below the air inlet; 
c e = the coefficient of entrance; 
h a = the depth of submergence. IG * 42 " 

"Referring to Fig. 42, it may be seen that, during the operation 
of the pump, the following equation of heads holds between the 
pump and a point at the same elevation outside the pump : 

= r: (* + c *} (39) 




* Taken from "An Investigation of the Air Lift Pump" by Profs. Davis and 
Weidner. 
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"For flow in the discharge pipe A, the following differential 
equation holds on account of the variable value of the density u 
of the mixture of gas and liquid: 



u g * 

in which v equals the variable velocity, and p, the pressure at any 
point; and with the variable specific weight of air as u v equation, 

Wq+^u, = Wa + ^ / N 

u u v u w 

designates the momentary volume of the mixture w a + w w . 

"If the mixture of air and fluid is very intimately commingled; 
that is, if the air penetrates the fluid in the form of small bubbles, 
it can be assumed that the air expands isothermally, so that 



By means of equations (41) and (42) the fundamental formula 
(40) becomes: 

(43) 



W a + W w U w g 

"Integrating this equation between the limits h 8 + hi and 
o, pi and p b and v { and v b (the velocity of the mixture at the 
discharge end of the eduction pipe) there results: 



I)* -I)? /**!+*. 

= _i + J o CV*dh (44) 

"Replacing the last term in this equation, for the sake of 
simplicity, by assuming a mean coefficient c p so that 

/ 2 
* t/jk 



there results 



/^-f-A. 

X 



2g 



& (46) 
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Adding this equation to (3$) gives 



! +c p 
2 S 



(47) 



"Neglecting the second term on the left-hand side of the 
equation, which will be very small in comparison with the first 
term on account of the large difference between the values of 
u w and u b , w a and w w , and neglecting w a in the denominator, this 
equation reduces to the simple form 



A 

\ 

dJ 



(48) 



"In developing this energy equation, Dr. Lorenz assumed 
the velocity of air entering the foot piece as equal to that of the 
water; that is, free from any losses due to impact, which may be 
readily assumed on account of the small kinetic energy of the air* 
Now let 

/-* log. (49) 

u b " p b 

the work of isothermal expansion of the weight of air w m and I* * 
wjii the work done in lifting the fluid weight w m from which the 

hydraulic efficiency 

/ v 



can be computed with the aid of equation (47) 



i 
c 



2 git i 



For the practical use of these formulae it will be better to elimi- 
nate the velocities % and t>< by introducing the volumes y fc ami g w 

of weights w tt and w w and using the area of the discharge pipe a , 

by means of the following formula: 



W W 

0. 
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Writing now in place of equation (47) 

" ! + c. + , 




(53) 



and differentiating this equation with respect to q b , putting 



there results as a requirement for maximum discharge q w 

p t _ 1+C 4 ( , q} 



(54) 



or in connection with equation (39), that is after eliminating the 
pressure pi and p b , 

(l\ 
1 + C P l /(ft ~~ ? ) = 2 g*i a p + c 9w (55) 

a/ 

"If, now, the maximum discharge determined from the capacity 
of the well, and the area a p of the discharge pipe determined from 
the diameter of the well, and also the lift and the known coeffi- 
cients c e and c p are given, the volume of free air required may be 
computed by means^of the formulas (54) and (55), from which 
the submergence h 8 can then be computed by means of equation 
(39). For these fixed conditions equation (53) then gives the 
relations between any desired values of q b and q w using the same 
pressure 'p t ." 

There have been several other theories published but the 
formulae presented are not so simple or so easily applied as 
those just given. In neither of these theories, however, has 
account been taken of the air-friction loss in the air pipe, or the 
losses due to curvature in the elbow at the well top, or entrance 
losses in the lower end of the discharge pipe. The formulae may 
be easily modified to include these losses by applying principles 
given on following pages under curvature, entrance and air- 
friction loss headings. 



CHAPTER V 
SUBMERGENCE 

In presenting this essential to the air lift, it is first necessary 
that the bored well itself be discussed briefly. A bored well is 
merely a cylindrical-cased hole of sufficient depth to penetrate 
the water-bearing stratum, and provided at the lower end with 
suitably located openings for free entrance of water from the 
stratum into the well. 

Water is admitted to the well in two ways. One way is to 
attach a screen or strainer to that part of the well casing which 
is in the water-bearing stratum. This strainer consists of a 
piece of wire-wrapped perforated pipe (as shown in Fig. 43) equal 
in length to the depth of the stratum. Water finds its way 
through the openings between the wire strands, but sand, gravel 
and. other foreign matter is held in the stratum. The other 
method (Fig. 44) is used when there is no sand present and 
where adequate anchorage, such as cap rock, immediately 
overlies the water-bearing stratum. As shown, the casing is 
resting on the rock, and the bare hole is continued through the 
rock into the stratum below. The water, then, is free to rise 
up in the well from the bottom. 

The water-bearing stratum itself is a porous bed of sand, 
gravel, or it may even be rock formation, through which water 
flows. The ideal arrangement is the porous stratum lying 
between two impervious strata and thus confining the water flow 
to its bed with no escape either upward or downward. No such 
perfect formation is ever found, however, for there always exists 
fissures or openings in either or both confining strata through 
which water will escape. Nearly impervious confining strata are 
sometimes found, so in our discussion we will assume for sim- 
plicity, that all water is held within a pervious bed. 
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Water Bearing Stratum 

Fro. 44* 
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At some distant points, the strata 
reach the earth's surface where the 
previous one receives its water supply 
from rainfall, springs, rivers, etc. The 
principle is shown graphically in Fig. 
45. A bored well, piercing the upper 
strata and entering the water-bearing 
stratum, is shown at A . The strainer 
is also shown. Water enters the 
stratum from the source of supply, as 
indicated by the arrows, and rises up 
inside the well to a level which is the 
same as that of the headwater, or 
BC in Fig. 46. . These are the static 
conditions, and the distance below the 
ground level that the water stands is 
known as the static head. 
: The static head of a bored well, 
then, depends upon the water level in 
the source of supply and, when the 
latter is higher than the mouth of the 
well, a natural flow is obtained. 

Consider, now, a bored well (Fig. 
46), piped for operation with air and 
having a static head h, and a sub- 
mergence h,. The air pressure neces- 
sary to start the flow from the well is 
equivalent to the depth of submer- 
gence, or 2.31 h 9 . This is evident, 
because the resistance that must be 
overcome is that offered by the ver- 
tical column of water standing over 
the air nozzle A. As air under pres- 
sure 2.31 h 9 (plus friction) is furnished 
by the compressor, the water column 
is raised in proportion until, finally, 
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the water surface just reaches the point of discharge. Suppose 
a valve were closed in the air line. There would be no further 

movement of the water column, and 
the discharge pipe from the air nozzle 
to the lower end of the water column 
. is filled with compressed air while the 
remainder is filled with water. Sup- 
pose now that the air valve were opened 
and more compressed air admitted. 
Immediately water overflows the dis- 
charge pipe and the column is short- 
ened. This decreases the resistance 
and, consequently, the compressed air 

behind the water column expands and 

the pressure drops. Thus the first head 
--- is blown from the well. 

When the air pressure has become 
sufficiently reduced by the removal of 
the first column as explained, the hydro- 
static pressure of the water head out- 
side the well overbalances the internal 
resistance and water is forced into the 
well. This water in passing the air 
nozzle becomes aerated and continues 
to rise, endeavoring to balance the out- 
side water-column pressure. Such a 
balance is impossible because of the 
reduced weight of the' inner column, ' 
consequently a continuous overflow 
occurs at the discharge pipe end and 
operation has begun and continues as 
long as sufficient air is furnished. 
IG " 4 " The air pressure necessary to keep a 

well in operation is sometimes considerably lower than that 
necessary to start the well. This is due to two causes: first, a 
pressure drop due to established column momentum, and second, 
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a pressure drop due to actual falling of water level in the 
well. 

To explain the first cause it suffices to state that less energy 
or pressure is necessary to keep a column of water moving 
than is required to start the same column when at rest. The 
pressure difference is equal to the velocity head of the rnov- 

v* 
ing column, or .434 

The second pressure drop is considerably greater than the 
first mentioned and varies almost for every well. (Refer to 
Fig. 45 and note the static conditions as there shown.) When 
the well A is pumped, there is created a flow of water from the 
source C to the discharge pipe end. Immediately a loss of head 
appears in the stratum due to friction just as a friction loss 
occurs in a pipe line when transmitting water. The water col- 
umn at the source, then, under dynamic conditions, cannot main- 
tain an equal head in the well and, consequently, the dynamic 
head in the well is lower than the static head by an amount equal 
to friction loss between source and discharge. This means that 
the column of water over the air nozzle in the well is shorter 
by the same amount, hence the air pressure is correspondingly 
reduced. 

The friction losses in water-bearing strata are governed by the 
same laws as those governing pipe-friction losses. The well drop, 
then, depends upon the resistance offered to the travel of the 
water by the obstructions in the stratum; upon the resistance 
offered by the strainer (or entrance loss at the well end if no 
strainer is used) ; upon the friction loss in the water discharge pipe 
and upon the amount of water being pumped. Clearly the head 
drop is different for each well and for each quantity of water 
pumped from any one well, and can neither be estimated nor 
otherwise determined except by experiment. By noting the start- 

v 2 
ing and running air pressures and correcting for , the drop in 

head in feet may be determined by multiplying the pressure dif- 
ference by 2.31. 
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In some instances the head drop 
is slight, but in others it is excessive, 
and so much so that the starting 
pressure necessary is considerably 
higher than the compressor can pos- 
sibly afford. To bring the starting 
pressure within the limit of the com- 
pressor, an auxiliary air line is often 
necessary, as shown in Fig. 47. The 
first head is pumped off by closing 
valve A and opening valve 5, thus 
forcing the air through the shorter 
air line. After starting the well, the 
valve A is opened and valve B is 
closed. The starting pressure neces- 
sary is reduced from 2.31 H to 2.31 
Hi, the former being necessary if 
only one air line were used. 

In designing an air lift to meet 
any given set of conditions, it is 
necessary that the head drop of the 
well be first known, otherwise a 
proper proportioning of submergence 
is impossible. It is the uncertainty 
of the head drop more than any 
other one thing that makes each 
well an individual problem, to be 
solved. 

Having determined the head drop 
in any specific case when the desired 
quantity of water is being pumped, 
the next question is, what is the 
most economical submergence ? 
Submergence governs pressure. In- 
creased submergence rneans higher 
operating air pressure but decreased 
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air-slippage losses and conse- 
quently smaller air volume; de- 
creased submergence means 
lower operating air pressure but 
greater air-slippage losses and, 
therefore, larger air volume nec- 
essary. Evidently there is a 
point where the energy expended 
or pressure through volume is 
least. This point may be found 
experimentally by varying the 
submergence and running a test 
on each change. When this is 
done, and the air nozzle set at 
the proper point, the over-all 
efficiency (which includes up- 
keep and repairs) of an air- 
lift pumping plant compares 

most favorably with that of 

any other means of deep-well 

pumping. ( 

The high percentage of sub- 

mergence necessary is one of the 

most serious drawbacks to the 

air lift. For operation in places 

other than in a well, lack of 

submergence is sometimes com- 

pensated for by dividing the 

lift Into a number of stages in 

a similar manner as is done in 

high-duty pumping with the dis- 

placement pump, previously de- 

scribed in Chapter II. Fig. 48 

;. -M ,1 FIG. 48. 

shows diagrammatically the gen- 

eral idea of a stage lift. Owing to the small area available 
an arrangement is impracticable inside of a bored well, 
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.most advantageous disposition oi wells, then., is in a line at right; 
angles to the direction oi the subterranean flow and as kir. apart 
a.s possible. 

Test. To show the effect of varying submergence upon the 
pumping efficiency of an. air lit I, as well as to illustrate the steps 
necessary to proper! v proportion the piping, a test of a well, 
owned, bv the city of Hattiesburg, Miss., is given on. the follow- 
ing | >ages. 

Genera! Remarks. - Here, as is usually found, the city 
required, all the water that, could, be obtained for the least cost, 
or. in other words, the most efficient, capacity ol the well. To 
determine this capacilv. it was necessary to vary the submer- 
gence and run a. test on each, change, making the various obser- 
vations shown on the log ol results following. The air volume 
and pressures, ol course, varied, and the compressor speed was so 
regulated in. each, trial that air neither was wasted bv blowing 
through the wafer, nor was an insufficient, quantify lurmshed 
which would cause; the well to llow in "heads. ' A little experi- 
menting belorc each, tria.l showed, just when, the minimum air 
volume lor steadv opera.! ion wa.s being supplied. 

Equipment. The equipment consisted ol one i .>"and i i" by 

\2 ff Ingersoll-Sergea.nl ('lass 4 'F" and. one 1:4" and i.|!'" bv i \ fr 
Class "A." compressors, two ...>,|.' ; by loot verlica.1 air receivers 
lilted, with gauges, sa.ieiy valves, etc., and one (j^-inch well wills 
a.11 necessary piping. Fig. .jo Is a, layout ol ihe plant showing 
the location of the well, reservoir, etc., a.s well a.s the surla.ee line 
.lengths, and sizes. Figs. 50 and 51 arc- cuts ol the compressors 
used. 

The Weil. -Fig. 52 shows the well, it will be noted that 

two wa.ter-bearing strata, were lapped a.nd. a strainer located in 
each.. It. afterwards developed that the lower stratum was of 
little or no value. 

The Foot Piece. At the end of the air line in the \\cll, tin- 
foot piece shown in Fig. ^ was attached, (hi a.re wire nask 
which held the flanges apart as well as maintained the, foot piece 
in a centra,!, position, in the well. The object of I lie inverted oak 
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FIG. 54- 



the discharge valves when operating against various terminal 
air pressures. 

In Fig. 55 is a curve plotted between well head drop in feet as 
the ordinate and gallons of water per minute as the abscissa. 
The curve shows a fairly regular drop between 700 G.P.M. and 
1 100 G.P.M., but as the quantity is increased further, the curve 
is broken and irregular. This is due to the fact that it was 
necessary to force the well beyond its normal capacity to yield 
greater than noo G.P.M. 

Referring to Table 10, it is seen that 1106 gallons of water per 
minute is the economical capacity of the well, and that the 
pumping head is 37.1 feet. The next thing to be determined is 
the submergence best suited. In other words, when pumping the 
economical capacity of the well, and hence operating against the 
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corresponding pumping head, how far below the 37.1 feet should 
the air nozzle be located? This can readily be determined by 
again changing the length of the air line, and so regulating the 
compressor speed at each change that the quantity pumped from 
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the well will remain the same, i.e., 1106 gallons of water per 
minute. Tests run as before will now show the most economical 
point of submergence when pumping this desired quantity of 
water. Usually five or six such tests will suffice and the results 
plotted on coordinate paper will give the proper location of air 
line. Nine trials were made on the Hattiesburg well as shown 
in Table u, which is the log of results and the computations. 
Fig. 56 is the submergence curve plotted from these results and 
is typical of such curves. 

The submergence curve shows that, between 65 per cent and 
50 per cent and between 75 per cent and 95 per cent submergence, 
the efficiency falls off very rapidly, but between 65 per cent and 
75 per cent submergence, the efficiency difference amounts to 
less than i per cent. By extending the curve downward on the 
left, it is shown to be impracticable to pump at all under 20 per 
cent submergence. It was impossible to test under lower sub- 
mergence than 50 per cent because of insufficient available air 
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No set "rules can be given as to what is proper submergence 
and no formulae can be derived that will be even an approximate 
guide. It is purely a matter of experiment in each individual 
case, and an air lift should never be installed without such 
experimenting. It is always best to obtain the advice of ex- 
perienced men in any installation, for an air lift improperly 
designed and installed is one of the most criminally wasteful 
means of pumping known. 
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cending bubble expands steadily and occupies a steadily in- 
creasing space in the discharge pipe. This reduces the effective 
area for water flow, and, therefore, to maintain a constant, quan- 
tity of water through the discharge pipe length, the velocity of 
the column must also increase as it ascends. The velocity of 
travel at any point in the pipe is expressed by the formula 
used in a subsequent chapter in hydraulic computations, or 

() = av (56) 

In the present instance, () = cubic feet of air plus cubic feet of 
water per second, while a and v equals cross-sectional area of the 
pipe in square feet and the velocity in feet per second, respec- 
tively, as before. The air volume is the variable factor and it 
increases from bottom to top of discharge pipe very nearly in 
accordance with the following formula:* j 

-.(-?[-;]) (57) 

v = volume of compressed, air in cubic 'feet per second; 
Q a = air volume in culm feet of free air per second delivered ! 

by the compressor; , 

x = distance from discharge pipe top to the point where the 

volume is to be determined; 
I = total length of the discharge pipe; 
r = ratio of air compression. 

The author has no knowledge of any reliable experimental 
data obtained from tests made under working conditions,, and 
that were intended to show just what the most advantageous 
velocities should be in a discharge pipe. It can be said, however, 
that the velocity of mixed air and water sh.oi.iM at. no point, be as 
low as the velocity with which air will ascend when submerged 
in still water, for then operation, would be impracticable; on the 
other hand, the velocity at no point should be so high that the 

* From Cttm pressed Air, by Prof. Klmo (, Harris. 



CHAPTER VI 
VELOCITIES 

t has been shown In preceding chapters that the greatest 
; encountered in air-lift practice is that due to the slippage of 
past the water in the ascending column. It has also been 
tionstratcd how this loss varies with the different depths of 
'mergence of the air piping. We come now to another factor 
ich affects very materially the efficiency of operation, and that 
he design of the discharge piping to be installed in the well. 
selecting discharge pipe sizes or, in other words, in fixing the 
;>dty of the column of mixed air and water, there can be no 
er guide but experiment and experience, and the designer is 
ited and handicapped at every turn by the sixes of standard 
e and the small area of the boml well. 

!Y> explain the difikulties and the necessity for experience, 
sicler the conflicting demands of eftkiency when, transmitting 
lixlure of compressed air and water as is done by the air-lift* 
herring to the laws of friction of water flow in a subsequent 
pter, it is seen that the losses decrease as the pipe size is 
reused; referring to the air-lift theory in Chapter IV, it is 
^ that the air-slippage losses fnrmise as the velocity of flow 
liminished, or as the discharge pipe is increased. Then, for 
;ienc.y's sake, water demands a large pipe, and air, a small one. 
"here must be a point or, more corm:tly, a velocity of flow of 
;ed air and water, where the sum of the water- friction 
, the air-slippage losses is least, but owing to the variables 
olvcd, this velocity can only be determined by experiment. 
"he discussion so far refers to velocity at the point of admis- 
i of air into the discharge pipe. As the air bubbles ascend, 
ssure falls, as before explained, and* consequently, each as- 
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per second, and at point of discharge was 8.5 feet per secoi 
The mean results of this test were as follows: 





Comprcssor si/.e ........... ..... . . ....... 10" ami 16" X 

R.p.m ........... .... ....... .... ........ 165 

Actual cubic feet of free* air per minute]. . , , . 316 

Starling pressure feuitfe) at well, pounds. . , no 

Operating pressure Cgauge)*at well, pounds. . too 

Static hear! in well, feet. ..... ........... , 135 

Total pumping head, pounds. ...... ....... 161 

Gallons of water per minute .............. 441 

A.H.P., ...... ..... ,.,,, ..... . ........ . 48 

A.II.P. (isothermal) ____ . ................ 42 

WJLF ...... ...... ......... ..... ....... 18 

w.rr.p. 

- A .,-.;- / ,, n .. 

A.H.I*, (isothermal) 

Over-all efficiency of plant .............. 30 per cent 



Pumping et<'?ney- 
1 n '' 



43 per cent 



These results show that good efficiency can be obtained wl 

the discharge velocity is lower than the initial velocity, Th 
is no doubt, however, that considerable slippage losses occuri 
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-friction losses will overcome any gain obtained by reduc- 
)f the air-slippage losses. The velocity then is fixed be- 
tween two rather indefinite limits, and all 
that remains to be said is, that as the 
ascending air volume increases, the col- 
umn velocity should increase also and 
thereby 'minimize the sum of the air-slip- 
page and water-friction losses. 

In a discharge pipe of uniform diameter 
from bottom to top,. the velocity increases 
as the column ascends, thereby meeting the 
requirements just mentioned. In long dis- 
charge pipes of uniform area, the velocity 
of flow becomes excessive as the top is 
approached, hence it would appear advan- 
tageous to gradually increase the pipe 
diameter as it ascends. Some authorities 
seem to think that a column velocity of 
from six to twelve feet per second at the 
bottom, and from eighteen to twenty-five 
feet per second at the top is productive of 
good efficiency. Prof. Elmo G. Harris in 
Compressed Air states that an efficiency 
of 45 per cent was obtained in a well at 
Rolla, Mo., which was so piped that an. 
initial velocity of 9.5 feet and a discharge 
velocity of 22 feet per second were ob- 
tained. The well and pipe details are 
shown in Fig. 57. This is indeed a re- 
markably high efficiency, the lift consid- 
ered, and, in fact, is considerably higher 
than any the writer has found under simi- 
lar conditions. 



FIG. 57. 



,e author had occasion to test the air-lift plant, shown in Fig. 
E the Mississippi State Insane Hospital at Jackson, Miss. 
velocity at the lower end of the discharge pipe was 11.4 feet 
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To illustrate the steps in designing an air-lift plant, assume a 
set of conditions as follows: 

Depth of well, feet 500 

Diameter of well, inches, no reductions . 8 

Diameter of strainer, inches 7} 

Length, feet 40 

Located below ground surface, feet. , . . 450 

Gallons of water per minute 250 

Static head, feet 50 

Pumping head, feet 65 

Vertical lift above ground, feet 10 

Horizontal distance, feet 200 

Locution of compressor from wt-li, feet. 500 

Type of compressor Straight-line, steam-driven 

The total lift, neglecting friction, is 75 feet. The first thing 
to be computed is the air pressure and, to do this, submergence 
must be fixed or assumed. Under conditions as stated about 65 
per cent submergence is a good selection. The submergence in 
feet will be 1.5 X 75 = 1x2.5 an( l *' le operating pressure, neglect- 
ing the slight reduction caused by f - X 0.434,1 will be 1 12.5 X 

0.434 -= 48.8 pounds. The length of air line from well top to 

lower end is 112.5 +65 ~ 177.5 feet and the discharge line, 
112.5 + 75 "- 187.5 fed.. To the bottom of the discharge line 
should be added about twenty fed. of straight pipe having a bell 
mouth to reduce the entrance losses of the water. 

The number of cubic feet of free air necessary is next to be 
ascertained. This may be computed by .substitution in one of 
several empirical formulas. A very good formula proposed in 
part by Mr. Ed, Rix and in part by Mr, T. JL Abrams is as 
follows: 

it 



34 
where 

V a = cubic feet of free air per minute (piston displacement) 

per gallon of water; 
h = head in feet; 
C = constant; 
II submergence in feet. 
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in this installation and particularly at the point of increase in 
size of casing. The results of a test, made with an 8-inch dis- 
charge pipe extending from the swadge nipple to the point of 
overflow, would have been interesting. 

In designing well piping practical limitations often make it 
impossible to exercise sufficient care. The bore of the well is 
usually small, hence the diameter of the pipe it will accommodate 
is very much limited. Then, too, standard pipe sizes prohibit 
nicety of design even were well diameters sufficiently large. 
The air line should be as large as possible for obvious reasons. 
An air velocity of 30 feet per second is considered good practice, 
but lower velocities should be employed when possible. 

Practical Design. With the formulae, tables and other 
information given in this and preceding chapters, it is a simple 
matter to prepare designs that will be safe in practice and within 
5 to 10 per cent of the highest obtainable efficiency. Best 
efficiency may be obtained only by running tests and making 
changes that the results indicate after the plant has been 
erected. 

The data necessary for intelligent recommendations are as 
follows: 

1. Number of wells to be pumped; 

2. Entire depth of each; 

3. Inside diameter of casing at top and bottom and, if diam- 
eter is reduced, to what depth is reduction made, and to what 
diameter; 

4. Location, length and diameter of strainer, if used; 

5. If no strainers are used, to what depth well is cased; 

6. Gallons of water per minute to be pumped; 

7. Static and pumping heads; 

8. Distance from contemplated location of compressor to 
wells; 

9. Horizontal and vertical distances that water is to be con- 
veyed after leaving mouth of well; 

10. Type of compressor preferred. 
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ing the volume of compressed air passing through the 
de per second (formula PV = P\Vi will apply) and adding 
the number of cubic feet of water per second pumped. 
ssume an initial column velocity within the limits given, 
ite in the formula and solve for a as follows: 



Q = av 
0.425 + 0.56 = a X 9 

a = 0.109 square 



= 15.7 square inches. 



7 square inches is the net area required for mixed air and 
ravel. Since the air line is to be suspended inside the 
jc pipe, the outside area of the former must be added to 
aare inches to give the total area of discharge pipe re- 

in Table 14, Chapter VII, the outside area of rj-lnch 
>. 164 square inches, hence the total area of discharge pipe 
; of admission of air must be 15.7 + 2.164 ^ 17-864. 
i, referring to Table 1:4, it is seen that the area of a 5-inch 

19,986 square inches, and of a 4j-inch pipe 15.961 
inches. Reducing these areas to square feet, substitut- 
he formula and solving this time for v, it is found that, 
H a 4 |-inch pipe, the initial column velocity would be 

feet per second ami, by using a 5-inch pipe, the initial 
would be about 8 feet per second. Both pipe sizes, 

Ford initial velocities within the limits of what is con- 
good practice, and the question now is, which of the 
s is the better for practical purposes. 
liscliarge velocity for a pipe of uniform diameter of 5 
vould I>e about 21 feet per second, while the discharge 
of a 42-inch pipe would be about 27 feet per second. 

1 4! discharge should be increased at a point where the 
is about 20 feet per second to 5 inches in order to lower 

iiarge velocity and likewise lower the water-friction loss. 
>oint where the discharge pipe is increased, there occur 
ic to sudden expansion of section and also eddy losses, 
iuse additional air slippage; therefore, it is best where 
il and discharge velocities are within the required limits, 
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The values of C for various lifts are given as follows: 

jo to 60 feet inclusive 245 

61 to 200 feet inclusive 233 

201 to 500 feet inclusive 216 

501 to 650 feet inclusive 185 

651 to 750 feet inclusive 156 

Substituting the values of the present assumed conditions and 
the calculations therefrom for the symbols in the formula we 
have: 

V _ 25 

' a 



, 112. < 

233 log 
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and solving: 

V a = 0.51 cubic feet per gallon. 

The free air capacity per minute required for the well is 
0.51 X 250 = 127.5. 

Regarding air-pressure and free-air-capacity requirements, it is 
well to add in passing that a compressor of from 10 to 15 per cent 
reserve capacity in both be selected for future contingencies. 
This because at some not distant date more wells may be drilled 
in the same stratum by other parties in the neighborhood and 
lower the pumping head of the present well, or the pumping head 
may be lowered by geological causes, as often happens. This 
would necessitate changes in piping and consequent increase in 
air volume and pressure. An 8" and 9" X 12" compressor oper- 
ating at 1 60 revolutions per minute has a capacity of 142 cubic 
feet of free air per minute at 50 to 75 pounds pressure. This 
machine would fit the requirements very satisfactorily. 

The surface air line, designed according to principles given in 
a succeeding chapter, will be 2 inches in diameter. This size 
will convey the air with a pressure drop of about 1.3 pounds 
between receiver and well top. Inside the well, a ij-inch line 
will convey the air at a velocity of about 29 feet per second with 
a pressure drop of about 1.5 pounds between well top and the 
lower end of the air line. 

The water-discharge-pipe size may be determined by first 
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5 Air vent pipe. 




FIG. 59. 

, Air Vent 




FIG. 60. 
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as they are here in 5-inch pipe, to use a discharge line of uniform 
diameter. In other words, unbroken velocity lines are preferable 
to broken ones. 

The conditions in the installation in question demand that the 
water be raised 10 feet above ground and transmitted horizon- 
tally a distance of 200 feet. If a closed line were used between 
the well and the point of discharge the friction imposed would be 
excessive; for it will be remembered that the velocity of flow at 
well top is 21 feet per second. Besides this loss, when air and 
water are transmitted horizontally and especially after striking 
an obstruction, the air rises to the top of the pipe and rides 
over the water, consequently considerable energy is dissipated. 
This may be overcome by extending the pipe vertically from 
the well a certain distance in addition to the ten feet and there 
separating the air from the water. The friction loss then to be 
contended with is only that of the water. The additional height 
of pipe necessary is the sum of the water friction head and the 
head required to produce the flow of water. Using a 5-inch 
surface line, this amounts to, including four elbows, 



J d2g \ (l2g/ 2g 

= 3.01 + 0.924 + 0.3 = 4.23 feet 

or say, for safety, 4 feet, 6 inches. 

This additional 4 feet 6 inches ' to be pumped against reduces 
the submergence percentage to 58,6 per cent and increases the 
pumping head to 79,5 feet. Water-friction losses in the well 
have been disregarded as it is impossible even to estimate these 
intelligently. Fig. 59 shows the completed design. 

As before stated, it is well to install a discharge line some 20 
feet deeper than the air line; so that, when finally adjusting the 
submergence from tests, only the air line will have to be handled. 

Very often on starting a well after a period of idleness, large 
quantities of sand are discharged with the water. To prevent 
this sand from clogging the horizontal line or being conveyed to 
the reservoir, the valves shown by A, B and C in Fig. 59 are in- 
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sand that may have found its way into the well, and also loosen 
and remove sand that may have become packed on the outside 
around the strainer walls. 

Figures 6o 7 61 and 62 show various other methods employed 
for conveying water horizontally and vertically after leaving 
the well. In Fig. 62 the air-lift is shown discharging in a tank 
elevated some distance above the ground surface. This arrange- 
ment is seldom to be recommended because, as will be seen later, 
the efficiency of pumping falls off rapidly as the lift is increased. 
It is best to pump to the surface, or only a few feet above, with 
the air lift and then employ other and more efficient apparatus 
for further elevation. 
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stalled. By closing C and A and opening B, the sand-laden water 
is allowed to go to waste, and after clearing, the water is per- 
mitted to flow to the reservoir by closing B and opening C and A. 

At regular intervals the well 
should be washed out; otherwise 
sand will pack around the strainer, 
both inside and out, and restrict 
the water flow. Washing can be 
done very effectively by closing 
all three valves in the discharge 




Water 




line and operating the compressor at maximum speed. When 
the highest allowable pressure is reached, suddenly open valve 
jB, then, after the head has been blown off and the pressure 
reduced, close B and repeat the operation as long as sand appears 
with the water. When all surface outlets are closed and, as the 
air pressure builds up, the water is forced back through the 
strainer into the stratum; when the surface valve is opened, the 
water rushes back through the strainer into the well. The con- 
tinuous outgoing and incoming rush of water will remove any 
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CHAPTER VII 

PUMPING SYSTEMS 

CENTRAL PIPE (OPEN END) SYSTEM 

A system of well piping very often found is that shown in Fig. 
63. It consists, as shown, of a discharge line suspended from 
flange C, inside of which, suspended from an elbow, is the air 
line. Sometimes the discharge line is dispensed with and only 
the air line is suspended from the well top. In such installations 
the well casing serves as the discharge line. At best this system 
is a rough and ready affair with nothing but its simplicity to 
recommend it. Probably the inefficiency is largely accountable 
to the sudden change in direction of flow that the air must take 
to follow the water upward and out of the discharge pipe. The 
down coming air strikes the upward moving water column and 
undoubtedly, it is considerably retarded in its flow. 

Performance. A test on this system was run by the writer 
on a well owned by the Houston Ice & Brewing Co., at Houston, 
Texas. The methods of conducting the test, making observa- 
tions, etc., were quite the same as previously described. The 
results were as follows: 

Total depth of well, feet . 610 

Diameter of casing, inches 8 

Diameter of discharge pipe, inches 3^- 

Diameter of air pipe, inches i| 

Length of discharge pipe, feet 355 

Length of air pijt% feet. 320 

Static head in well, feet 85 

Distance above surface water lifted, feet 9 

Total pumping head, feet 115 

Starting pressure at well, pounds 107 

Operating pressure at well, pounds 94 

Callous of water per minute pumped 120 

Actual cubic feel free air per minute 74.5 

Submergence, j>er cent 65 

A.JL P. by indicator diagrams . . . . 12.1 

A.H.P. (isothermal) 9-5 

W.H.I* 3-6 

Pumping efficiency, per cent ' 37 

Over-all efficiency, per cent .... 29 . 7 . 
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and leakage. Also, the air pressures given must be cor- 

for frictional losses. 

s Saunders' System. This system has been discussed in 
ious chapter. A practical installation is shown in Fig. 65. 



OPEN END CENTRAL 
PIPE SYSTEM 
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schargc line is suspended from the flange C and the com- 

1 air is admitted by means of the special fittings attached 

well top. One of the main objections to the Saunders' 

is the likelihood of air leakage through the well casing. 

icessfully operate the system in a well having a defective 

it is necessary to install an auxiliary pipe line inside the 

and admit the air between this line and the discharge 

ormance. A test of the Saunders' system was made by 
;ter on oil well No. 32 of the Crowley Oil & Mineral Co., at 
dine, La., and the results published in the Proceedings of 
icrican Society of Mechanical Engineers, Vol. 31, page 311. 
tnary of the results is as follows: 
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Total depth of well, feet 1805 

Diameter t ea-injjj inrhes 5 

Diameter of di-t har^r pipe, inches. ... 4 

Length ui di H h irj;e pipe, feel. 



Opti.aiiu iir j re-ure at well, pounds 153 

(*alitn t iluid p imped per minute. 32 

\\ 1 hi ti t HI I..H. a <!" iluid, pounds. H.y 

IVi iMa/t i I .ill \,,itrr in iluid, . . , . $7.3 

iVni na,e *1 .vlid i.i Jluid 2.2 

i r i * ,. *i r;d* Mil in tluM ....... 10,5 

" :f>t fl t>l! 0,0 

! ? * . iree air |*er riiiiiule 57^.^ 

"i ;Lit. r>rmr ......... 25.0 

*,^i atiii iliamriunr* ....... 107.5 

* *' a 8(1 r 



A v ,< 

I,- ,' 

All 1 ( 
\ I! ! 

\\ H r 



\VJl.P. 
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p!.aM**i ! thlr i ; was ttin{M.itc<I from 
f!ir i i ir\ - in flu manner rxpiatfu'd. 

Tin* Prhl* System. Kxplanation 

*f tlir p!i', ij!i ,!!lil ,H lluli of this 

t> h'A. .% pt.nti* iS in tallation ind 
i , /', ,,ii*l / 1 * "I I hi* amr lii'un* an* 

\,.?i.* ?;Jj ! S *tf pii r 'filliiliims 

i " :i'. \*! I ii 'Aihff ha lti\rr lt*>4i'cl 
i it! M t; | /^ * i A. I It* r* -nlt> fol- 
I'/'ui'ii' v, ? ''d.tiy * i Ii *iu t st 4 on flu* 
< !J r t AM I ( j<f !;MAH 

Pi rfurmnn(' 4 . \ t- t uf thi' I*ohli 

v. ?: al* l'\ tljf *fitf*r In ot* <f tvu> 
\M' I MAji'! Ky fhr Iftfi^fftui^ linking 
i<M.i''h'*-! * H*!*l s*''Sw*' i* iU'nti< al with 



those It'iu!i i!if*3i!io!it'*l, \ 'inirtiarv n\ r*''alt u a^ follows: 
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Total depth of well, feet 729 

Diameter of casing, inches 8 

Diameter of discharge pipe, inches 3! 

Diameter of air line, inches ij 

Length of discharge line, feet 350 

Length of air line, feet 336 

Total pumping head, feet 121 

Starting pressure at well, pounds 102 

Operating pressure at well, pounds 90 

Gallons of water pumped per minute 135 

Actual cubic feet of free air per minute 85 

Submergence, per cent 64 

A.H.P. by indicator diagrams 12.5 

A.H.P. (isothermal) 10. 7 

W.H.P 

Pumping efficiency, % 



W.H.P. 



A.H.P. (isothermal) 
Over-all efficiency, % 32 



4.1 

37-5 




400 500 600 
Feet Lift 

FIG. 66. 
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Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computed^from the curves. 

Central Pipe (Perforated End) System. Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air line, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 
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Total depth of well, feet ...................... 729 

Diameter of casing, inches .................... 8 

Diameter of discharge pipe, inches ............. 3! 

Diameter of air line, inches ...... ............. ij 

Length of discharge line, feet ................. 350 

Length of air line, feet ....................... 336 

Total pumping head, feet ..................... 121 

Starting pressure at well, pounds .............. 102 

Operating pressure at well, pounds ............. 90 

Gallons of water pumped per minute .......... 135 

Actual cubic feet of free air per minute ........ 85 

Submergence, per cent ....................... 64 

A.H.P. by indicator diagrams ................. 12.5 

A.H.P. (isothermal) ......................... 10.7 

W.H.P .................................... 4-i 

re - Kf W.H.P. 

Pumping efficiency, % ~ ...... 37-5 



(isothermal) 
Over-all efficiency, % ........................ 32.8 




400 500 600 
Feet Lift 

FIG. 66. 



Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computed jfrom the curves. 

Central Pipe (Perforated End) System. Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air line, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 
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below the prcf orations; for if the lower end is plugged, scale and 
dirt from the air line will accumulate and will eventually clog the 
small openings. With the extension of the pipe no air will reach 
the pipe end, but instead, will follow the path of least resistance, 
which is through the holes. This is indicated in Fig. 69. 

The small openings mentioned divide the air bulk into small 
streams and thoroughly aerate the column. Considerable gain 
in economy over other systems is realized thereby, as may be seen 
by comparison of the curves and tables. 

Performance. A test was made by the writer on one of 
two oil wells operated with this system and owned by the Mamou 
Power Co., of Evangeline, La. The methods employed in test- 
ing were identical with others mentioned, with the exception 
that the fluid pumped was measured by means of an 1 8-inch 
rectangular weir. 
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TABLE 15 

CENTRAL PIPE (PERFORATED END) SYSTEM 
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Total depth of well, feet 1900 

Diameter of casing, inches 6 

Diameter of discharge pipe, inches 4 

Diameter of air line, inches ij 

Length of discharge pipe 1510 

Length of air line 1492 

Total pumping head 895 

Operating air pressure at well, pounds. . . 250 

Gallons of fluid per minute pumped .... 45 . 2 

Weight of one gallon of fluid, pounds .... 8.72 

Percentage of salt water in fluid 87.7 

Percentage of sand in fluid 1.2 

Percentage of crude oil n . i 

Specific gravity of oil 0.9 

Actual cubic feet of free air per minute . 326 

Percentage of submergence 39 . 8 

A.H.P. by indicator diagrams 74.5 

A.H.P. (isothermal) 60. 7 

W.H.P 10.6 

TT7" TT T> 



of tests 
average 



Over-all efficiency, % 14.3 

Figure 70 shows the submergence and 
efficiency curves plotted from such tests 
as this one, and in Table 1 5 are the results 
computed from the curves, as before. 

Summary. Fig. 71 shows all the 
efficiency curves plotted on one sheet. 
This gives an excellent comparison of 
the various systems, and the curves 
taken as a whole will be found very 
accurate statements of the possibilities 
of the air lift in-so-far as economy of 
operation is concerned. The_jQur ves - 
show that the efficiency of all systems 
decreases with an increasing discharge 
head, other conditions remaining con- 
stant. It must be remembered that 
FIG. 69. these curves are plotted from the results 

of a large number of wells and every point represents the 
results of a separate test. 



PUMPING SYSTEMS 



147 



efficiency curve plotted from tests in any particular well 
j quite different. In nearly all the wells tested by the 
, the efficiency increased with the lift up to a certain point, 
rther lift increase was accompanied by efficiency decrease. 
: clearly indicated by the results of the test made on the 
Hattiesburg, Miss., given in Chapter V. 
ial Applications. The air lift is very often employed 
lifting and transmitting of many fluids and semi-fluids 
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than water. In a mine in Mexico, sand mixed with 
1 percentage of water is pumped with compressed air, 
>Ionwlo School of Mines Magaxine describes this outfit in 
lion with the diagram reproduced in Fig. 72. The arrange* 
.)f piping, lift and other details are fully shown in the 
The volume of air necessary to do the work was from 
, cubic feet of free air to each cubic foot of sand or slime, 
e air pressure necessary was 28 pounds, 
ailway and Locomotive Engineering, a device for transfer- 
ain with compressed air is described. Fig. 75 shows the 
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The operation consists in lique- 
fying the sulphur by either melt- 
ing or dissolving and pumping 
the mixture to the surface into 
closed tanks, where the sulphur 
is settled. .The hot water is 
drawn off the top and goes 
through the heaters again and 
thence to the well, again liquefy- 
ing the sulphur, and so on. 

For lifting the fluid compressed 
air has been found more satis- 
factory than either a horizontal 
or a vertical plunger pump. In 
Fig. 74 is shown the air-lift 
applied to this service. 

The well casing extends a short 
distance into the sulphur and 
is there anchored. The uncased 
hole is continued down to the 
bottom of the stratum of sulphur 
and, next, the well is piped, as 
shown. Steam is admitted be- 
tween the discharge line and well 
casing, and in a short time the 
sulphur is melted by it. The 
liquid sulphur fills the hole and 
rises up in the discharge pipe 
when air is admitted, and the 
mixture of molten sulphur and 
steam is lifted to the surface 
where the two are separated. 
Besides melting the sulphur, the 
steam also assists in the actual 
pumping. 




149 



Steam 



FIG. 74. 



148 



PUMPING BY COMPRESSED AIR 



arrangement in detail. The lower air nozzles lift the grain to 
the elbow at the top, and the horizontal nozzle at that point 
furnishes a blast that transmits the grain horizontally to the 
desired place. It is said that the device, when supplied with air 
at 90 to 100 pounds, will do the work of five or six men. 

Three combination patents on systems of mining sulphur 
have been granted to Mr. Herman Frasch. All systems consist 
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FIG. 73- 



of a bored well penetrating the sulphur, closed surface discharge 
tanks and some means of pumping. In patent No. 461,429 the 
pump used is the familiar vertical direct-acting type with the 
plunger attached to rods and operating in a working barrel in 
the well; and in patent No. 461,430, a horizontal, hot-water 
steam pump is used to force the liquifying agent into the well 
and out of the discharge line. 
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arrangement was made to obtain well 
conditions such as are met within the 
field, but, obviously, this was impos- 
sible. No head drop was provided, 
the lifts were low and the quantity of 
water pumped very small. While such 
experiments are always interesting, it 
is hardly fair to condemn an appliance 
when tested under conditions that 
were not contemplated when the de- 
sign was prepared. 

The Bacon System. In 1895, 
James E. Bacon was granted a patent 
(No. 542,620) on an air-lift system, 
which consisted of a discharge pipe 
installed as in the Sounders' system, 
and provided near the lower end with 
a hole, thus admitting air to the water 
column before the surface of the water 
outside the pipe had been lowered to 
the end. The Hudson Engineering & 
Contracting Co. now manufacture an 
improved Bacon System, the details 
of which are shown in Fig, 75. Air is 
forced between the discharge pipe and 
either the well casing or the auxiliary 
pipe, which latter is shown installed 
The water level is lowered until the 
holes in the foot piece are exposed, 
when, immediately, air is admitted 
to the water column, and operation 
begins. 

The holes divide the air volume 
into a number of line streams, and 
thorough aeration results. The bell 
mouth of the foot piece has for its ob- 






FIG. 76. 




CHAPTER VIII 
COMMERCIAL SYSTEMS 

Several companies specialize in the manufacture of air-lift 
pumps for which are made more or less elaborate claims of 
superior economy. Tests comparing per- 
formances with one or more of the sys- 
tems described in Chapter VII are often 
T* 'l! published to substantiate the claims. 

I. Jr* ir These manufactured systems consist of 
" n Ir'x.'M^ specially-designed head and foot pieces 
and in some, claims of superior efficiency 
are based upon refined designs of nozzles 
and deflector tubes properly placed in the 
foot piece. Whether or not any material 
gain can be so obtained has been the cause 
of considerable discussion and in a paper 
entitled An Investigation of the Air Lift 
Pump, by Professors Davis and Weidner, 
it is stated, after considerable experiment- 
ing, that "The type of foot piece has very 
little effect on the efficiency of the pumps, 
so long as the air is introduced in an 
efficient manner and the full cross-sec- 
tional area of the eduction pipe is realized 
for the passage of the liquid. Anything in 
\ * ...j. < v ^. the shape of a nozzle to increase the kinetic 

" 75 * energy of the air is detrimental." The 

experiments on which this conclusion was based were made 
in the laboratory of the University of Wisconsin, and the well 
was constructed above the ground surface. Every possible 
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by the Harris Air Pump Co., and is shown in section in Fig. 76. 
The arrows indicate the air and water travel and illustrate the 
aerating process. By enlarging the body of the pump around 
the air tube, uniform area for the travel of the water is obtained. 
Figure 77 shows a Harris pump installed on the end of the dis- 
charge line in a well. The well-top connections are also shown. 
The brunch pipe B tapped into the main line admits air be- 
tween the well casing and discharge pipe, thus putting an outside 




Fiu 78, 

pressure on the water surface. It is claimed that this auxiliary 
pressure prevents surging of the water and thereby steadies the 
flow from the well. The author has tested the system with and 
without the outside pressure and finds no appreciable difference 
in efficiency. 

Figure 78 is the flow from a well of the Indianapolis, IncL, 
Water Works equipped with the Harris system. 

Figure 79 is a drawing of an air-lift plant installed by the 
Harris Air Pump Co., at Shirley, Intl. The well is equipped with 
the Harris pump and in a pit near the well is installed a Harris 
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ject the reduction of entrance losses of the water. No air pipe 
is employed In the well, and consequently, the friction losses 
of air in this pipe are eliminated and the full area of discharge 
pipe is available for water travel. 




FIG. 77. 

The Harris System. In 1904, W. B. Harris was granted a 
patent (No. 814,601) on an air pump, which consisted of an 
ejector arrangement and contracted passageway. The pump, 
somewhat improved over the original design, is manufactured 
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pneumatic displacement pump. The water is pumped from 
the well and flows by gravity into the displacement pump, and 
is then pumped up into an overhead tank. The operation is 
entirely automatic. 

The motor driving the compressor is fitted with a pressure 
control so that variation of water level in the overhead tank 
starts and stops the system. 

For raising water from the well above the surface of the ground, 
the Harris Air Pump Co. sometimes install their booster system. 
This arrangement consists of an enclosed tank attached to the 
well top into which the mixture of air and water is pumped. 
The air is separated from the water and the former, rising to the 
top of the tank, exerts a pressure on the water surface lifting it 
the required height. The water volume in the tank is regulated 
by a float valve. When excessive air accumulates and the water 
level is lowered, the valve is actuated and the surplus air is allowed 
to escape to the atmosphere. Fig. 80 shows the arrangement. 

The Weber System. ""Materially different in, construction 
and operation from any air lift yet described, is the system manu- 
factured by the Weber Subterranean Pump Co. The principle 
of operation is identical with that of the displacement pump. 
In fact, it is actually a deep well displacement pump. 

Figure 81 is a broken section of the foot piece and Fig. 82 is a 
diagram of a two-well installation. The return-air principle is 
here employed and the air is "switched" from well to well and 
the exhaust from each well is admitted to the compressor suc- 
tion by the reversing valve shown. When lifts are very high, 
the system is installed in stages. 

Tests. The author has tested a number of wells equipped 
with two of the makes of commercial systems described, and the 
results in some instances show them to be from to to 30 per cent 
more efficient than the systems described in Chapter VII. In. 
other instances the efficiencies were about equal but in no 
instance was the efficiency lower. Experience seems to indicate 
that the superiority of the manufactured systems becomes more 
evident as the lift is increased. 
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from the compressor. A larger number 
of wells or pumps scattered over a 
considerable area may consequently be 
operated from a central plant. This 
centralization of machinery and effort 
makes for a considerably lower operating 
cost than that of independent plants 
placed at each well which would be nec- 
essary if either steam-driven or centrif- 
ugal pumps were used, 

Temperatures. - The air-lift handles 
with equal facility liquids of all densities 
and temperatures. In fact, some ad- 
vantage in efficiency is gained by hand- 
ling hot fluids. The air absorbs the 
heat and expands in proportion. 

Capacity. -~ - Owing to the fact that 
there is little in the well to obstruct the 
water flow and further owing to the high 
velocity of travel, a larger quantity of 
water may be pumped from a well with 
the air lift than can be pumped by any 
other apparatus. The total capacity of 
the well may be pumped and conse- 
quently the air lift is invaluable for test- 
ing wells. 

Aeration. - The expanding air in the 

discharge pipe abstracts heat from the 
water and hence lowers the temperature. 
It has been found that the temperature 
reduction amounts to from 3 to 5 degrees 
and sometimes even more. This in- 
creases the value of the water for con- 
densing purposes. 

Another advantage of thorough aera- 
tion is that the quality of water is im- 
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Conclusion. The advantages obtained by using compressed 
air as a means of pumping are many, but like all other systems, 
there are also objectionable features. Summarizing from pre- 
ceding pages, advantages and limitations are, briefly, as follows: 



AirReltefLibe 




Booster 




i- Discharge 



"Casing 



I'Depth of Well 



FIG. 80. 



Advantages Long Distances. Owing to the compara- 
tively small losses encountered in transmitting air through prop- 
7 erly-designed pipe lines, both the air-lift and the displacement 
pump may be operated efficiently when located at long distances 
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proved by oxidation of impurities, such as iron. Many in- 
stances are on record where well water was unfit for domestic 
use until after the installation of the air lifts. 

Maintenance. There are no moving parts or wearing 
surfaces in the well, and, therefore, the cost of upkeep and 
repairs is negligible. The absence of moving parts makes the 
air lift particularly adaptable to handling gritty liquids, sewer- 
age; acid, or alkaline solutions and, in fact, any liquids or semi- 
liquids whatever. No form of mechanical deep-well pump can 
accomplish this without excessive repair cost and expensive shut- 
downs. 

Limitations Submergence. One of the most serious 
handicaps to the air lift is the high percentage of submergence 
necessary to proper operation. On this account, installation in 
shallow wells with comparatively high lifts is impracticable. In 
surface pumping, the diilkulty may be overcome by staging the 
lift, bu.t the small diameter will not permit of staging inside of a 
well. 

Efficiency. While the actual pumping efficiency of the air 
lift is admittedly low, still the over-all efficiency figured from the 
power end of the compressor to water delivered in the reservoir 
and taking into account upkeep and repairs, compares most 
favoraubly with any other means of deep-well pumping, 

Surfa.ce Pumping. The losses encountered in transmitting 
water horizontally and vertically at, and above, the ground sur- 
face butve already been pointed out. It is unwise to so employ 
the air lift without making special arrangement as shown and, in 
fact, the air lift is not adaptable to nor intended for such work. 
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Combining Charles' and Boyle's laws, we have the formula 

PV PxFi 

IT == ~J\ ( 6 ) 

Joules' Law. When a perfect gas expands, doing no external 
work, the temperature remains constant. For instance, in the 
equation 

PV P, Ft 



if T = 7"i, we have PV = P Vi 9 which is the law of expansion 
of a perfect gas. 

Specific Heat. -The specific heat of a substance is the 
amount of heat (IJ.t.u.) that is required to raise the temperature 
of one pound of the substance through one degree Fahrenheit. 

Specific Heat at Constant Volume CV- In the equation 



T 1\ 

P P\ 

if V = Fi, then we have - = -*, which is the law of Charles. 

I JLi 

Suppose we have a certain volume of air contained in a 
sealed receptacle and the temperature is raised i F. The 
pressure is thereby raised according to the above law, and the 
intrinsic energy of the air is increased. No work is done, how- 
ever, because work equals pressure multiplied by distance, and 
by our supposition, the latter factor is zero. The specific heat 
at constant volume, then, of air is the amount of heat (B.t.u. or 
fraction thereof) that is required to raise the temperature of one 
pound of the air through x F., the volume being kept constant 
as above. C 9 for air is found by experiment to be 0.169. 

Specific Heat at Constant Pressure C p > Assume in this 
instance, that we have a vertical cylinder containing a quantity 
of air and resting on the air, is a frictionless piston of constant 
weight, or pressure P. If the air is heated, the volume will 
increase, moving the piston outward and external work is per- 
formed. The specific heat at constant pressure, then, of air is 



CHAPTER IX 
COMPRESSION GENERALITIES 

While it is not the intention to go into the subject of com- 
pressed air, and the thermodynamics thereof, elaborately, still 
there are certain principles and laws that should be stated 
briefly. On the following pages are given the basic laws 
and formulae of air compression that must be recognized when 
designing and installing compressed-air pumping plants. It is 
naturally assumed that the reader is familiar with such funda- 
mental definitions and expressions as are necessary to a com- 
prehensive study of the subject. 

Boyle's Law. At constant temperature the wlume of gas is 
proportional to the absolute pressure, or PV = PiVi, where 

P = initial absolute pressure in pounds per square inch; 
V = initial volume in cubic feet; 

Pi = final absolute pressure in pounds per square inch; 
Vi = final volume in cubic feet. 

In other words, the law expresses the fact that if the pressure 
on a certain enclosed volume of gas is doubled, the volume will 
be half the original volume (if the temperature is kept constant 
meanwhile), or conversely, if, at constant temperature, the 
pressure is reduced by half, the volume will be doubled. 

Charles' Law. At constant wlume the pressure of a perfect 
gas is directly proportional to the absolute temperature, or at 
constant pressure the volume is directly proportional to the abso- 
lute temperature, or: 

P Pi , V V l 



where T and T\ are initial and final absolute temperatures in 
degrees F. 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that ~ be increased by an amount equivalent to the amount of 

external work done on the air by heat reaction during compres- 
sion. It has been shown in various works on thermodynamics 
that 

P (V\Y C 

= x^ where n = -f = 1.406 for air holds nearly true. 

1 1 \y) *~"9 

(See Perry's work on, the Steam engine.) 

Work of Adiabatic 
Compression. - - Fig. 83 
shows a theoretical indi- 
cator card of an air cylin- 
der having no clearance. 
The total work done is 
equal to the work of com- 
pression shown by the 
area under the curve be; 
plus the work of expul- 
sion of the air from the 
cylinder shown by the 
area /VF 2 ; minus the work done on the piston by the intake air 
shown by the area J\V\. Then, calling () the total amount of 
work, 

/I-M-I.29 K 

<>49-7/W ([/;;] -i) (62) 

and the horse power required to compress one cubic foot of free 

air per minute adiabatiailly is 




Isothermal Compression. - Isothermal compression is com- 
pression at constant temperature. In other words, it is com- 
pression wherein all heat is removed by some form of cooling 

device as fast as it is produced. The relation, then, existing 
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the amount of heat (B.t.u. or a fraction thereof) that is required 
to raise the temperature of one pound of the air through i F., 
if the air is allowed to expand against a constant pressure. 
Therefore, C p = C + heat equivalent of external work, and for 
air has been found to be 0.237. C p and C v are measured in 
B.t.u.'s, so to obtain their equivalents in foot pounds it is neces- 
sary to multiply by 778, and the products for convenience of 
calculation are called K p and K v . 

Going back to our assumption of the cylinder and piston and 
assuming further that we have (W) pounds of the air: in order 
that external work be done and the temperature raised i F., it 
is necessary that W (C p C v ) thermal units of heat be applied, 
or W (K p K v ) foot pounds of work. In order to raise the 
temperature T degrees, W (K p K v } T foot pounds of work 
must be done on the air. Since work is equal to pressure through 
volume, we have 

Work = PV = WX (K p - K v ) X T; 
or assuming (K p K v ) = R, we have the familiar formula 

PV = WRTj (61) 

Theoretically, air may be compressed in two ways adia- 
latically and isothermally. 

Adiabatic Compression of air is compression without loss of 
heat. Consider, for instance, a perfectly insulated cylinder and 
piston having a full charge of air between piston and cylinder 
head. As the piston advances, the volume of air becomes 
smaller and the temperature rises, the former in inverse propor- 
tion to the absolute pressure exerted and the latter equivalent 
to the amount of work done. Under these conditions the air 
at the end of compression will retain all the heat so produced, 
and this particular compression is called adiabatic. In actual 
practice such conditions of compression are impossible. 

P V 

In adiabatic compression the law ^ = -~ is not followed 

PI V 

strictly because as the temperature rises unchecked, it reacts on 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that ~ be increased by an amount equivalent to the amount of 

external work done on the air by heat reaction during compres- 
sion. It has been shown in various works on thermodynamics 
that 

P (V\) n C 

= ^~ where n = ~* = 1.406 for air holds nearly true. 

(See Perry's work on the Steam engine.) 

Work of Adiabatic 
Compression. - - Fig. 83 
shows a theoretical indi- 
cator card of an air cylin- 
der having no clearance. 
The total work done is 
equal to the work of com- 
pression shown by the 
area under the curve be; 
plus the work of expul- 
sion of the air from the 
cylinder shown by the 
area I\V^\ minus the work done on the piston by the intake air 
shown by the area I\Vi. Then, calling Q the total amount of 
work, 

(62) 

and the horse power required to compress one cubic foot of free 
air per minute adiabalieally is 




4-5 






(63) 



Isothermal Compression* ~ Isothermal compression is com- 
pression at constant temperature. In other words, it is com- 
pression wherein all heat is removed by some form of cooling 
device as fast as it is produced* The relation, then, existing 



164 



PUMPING BY COMPRKSSKI) AIR 



Work of Isothermal Compression. 



between pressure and volume at any instant is shown by the 

equation 

/W -PaV* = C (64) 

Fig. 84 is the theoretical 
indicator diagram of iso- 
thermal compression in 
a cylinder having no 
clearance. Compression 
begins as before at abso- 
lute pressure PI and vol- 
ume I*i and ends at ft 
and IV The total work, 
(), in foot pounds clone 
___iL.!,f on the air is equal to the 
"""' " : algebraic sum of the 
work of compression, ex- 
pulsion, and the work done by the intake air, and is shown in the 
equation 




FlG * 



and the horse power required to compress one cubic foot of free 
air per minute isothermally is 



.. 

Actual Compression with Clearance. - In the every-elay 

practice of air compression, neither of the two formate would 
apply, for it is impossible to design a cylinder wherein cither 
adiabatic or isothermal compression can be obtained. The 
cylinder in which we are interested is equipped with a water 
jacket for the removal of some of the heat of compression and to 
facilitate lubrication, but att the heat cannot be so removed. 
A certain amount is retained by the air itself, and some is left in 
the piston and cylinder walls. The actual compression curve, 
then, will lie somewhere between the isothermal and the adia- 
batic curves, and the exact location depends upon the efficiency 
of the water jacket; the temperature of the circulating water ? etc. 
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TABLE 16 

HORSE POWER REQUIRED FOR COMPRESSING ONE CUBIC FOOT OF FREE 

AIR PER MINUTE (ISOTHERMALLY AND ADIABATICALLY) FROM 

ATMOSPHERIC PRESSURE (14.7 POUNDS) TO VARIOUS 

GAUGE PRESSURES 

Single-stage Compression 

Initial Temperature of Air Taken as 60 F. Jaeket Cooling Not 
Considered 
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67.70 


0.256 


0.294 


900 


214,7 


M.6o 


39-So 


0.172 


60. 40 


69.50 


0.263 


0.303 
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the reexpansion of the clearance air, there is an amount of work 
gi returned to the receding piston, shown by the area bhg. 
Therefore, the net amount done by the piston is shown by the 
area bcdk, or Q, and its value is given in the expression, 



PiCFi-F,)* 
i 




(68) 



Now (Fi- FS) is the net amount of air drawn into the cylin- 
der. The horse power required to compress one cubic foot of 
free air per minute is shown by 



H.P. = 




15.6 (n - i) 



(69) 



125 R.1P.M. 
res. 78? (abs.) 
6/21/09 
30#Sp. 



Figure 86 shows the actual air indicator card taken from a 
single-stage, straight-line compressor, having poppet inlet and 

discharge valves. The 
areas A and B represent 
the amount of work neces- 
sary to open the discharge 
and the inlet valves, and 
ab is the volume occupied 
by the reexpanded clear- 
ance air. The volume 
lying between the suction 
line and the atmospheric 
line is the energy ex- 

panded to fill the cylinder 
FIG. 86. - i 

with air. 

Tables 16 and 17 show the horse power, etc., required to com- 
press air from 14.7 pounds per square inch in pressure and 60 F. 
up to various pressures, in both single- and two-stage com- 
pressors, employing both adiabatic and isothermal compression. 

Two-stage Compression. It is evident now, that isothermal 
compression requires the expenditure of the least amount of 
work. As before shown, this form of compression is impossible 
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in practice, but a material saving can be realized by compressing 
in stages and cooling the air between each stage. In this way 
isothermal compression is approached; as will be more fully seen 
later. 

In two-stage compression the air is drawn from the atmosphere 
into the first, or low-pressure, cylinder, and there compressed up 
to a certain point. It is then forced through an intercooler where 
the temperature is reduced by circulating water and thence 
drawn into the second or high-pressure cylinder where compres- 
sion is continued up to the desired terminal pressure. 




Work of Two-stage Compression. - An attempt is made in 
the design of two-stage compressors to divide the work equally 
between the two cylinders. Very often, however, actual working 
conditions are different from those contemplated, consequently, 
the equality is destroyed, In the following discussion it is 
assumed that the work is the same in each cylinder, and further, 
that the temperature of the air after passing through the inter- 
cooler is the same as that of the atmosphere. 

Figure 87 shows the cycle of operations of a two-stage machine 
designed as above, A volume V\ of air under pressure Pi is 
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TABLE 17 

HORSE POWER REQUIRED FOR COMPRESSING ONE CUBIC FOOT OF FREE 

AIR PER MINUTE (ISOTHERMALLY AND ADIABATICALLY) FROM 

ATMOSPHERIC PRESSURE (14.7 POUNDS) TO VARIOUS 

GAUGE PRESSURES 

Two- stage Compression 

Initial Temperature of Air Taken as 60 F. Jacket Cooling Not 
Considered 
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4.40 


2.10 


16.2 


21. 80 


0.095 


24.30 


27.90 


0.106 


0.123 


10.9 


60 


74-7 


5.08 


2.25 


18.4 


23.90 


0.104. 


27.20 


31.30 


0.118 


0.136 


II.3 


70 


84.7 


5.76 


2.40 


20. 6 


25.70 


O.II2 


29.31 


33.71 


0.128 


0.147 


12.3 


80 


94-7 


6.44 


2.54 


22.7 


27.52 


O.I20 


31.44 


36.15 


0.137 


0.158 


13.8 


90 


104.7 


7.12 


2.67 


24-5 


28.93 


0.126 


33.37 


38.36 


0.145 


0.167 


14.2 


100 


II4-7 


7.8o 


2.79 


26.3 


30.30 


0.132 


35-20 


40.48 


0.153 


0.176 


iS.o 


no 


124.7 


8.48 


2.91 


28.1 


31.42 


0.137 


36.82 


42.34 


0.161 


0.185 


15.2 


I2O 


134-7 


9.16 


3.03 


29.8 


32.60 


0.142 


38.44 


44.20 


0.168 


0.193 


15.6 


130 


144-7 


9.84 


3.14 


31.5 


33.75 


0.147 


39-86 


45-83 


0.174 


0.200 


16.3 


140 


154-7 


10.52 


3.24 


32.9 


34.67 


0.151 


41.28 


47-47 


0.180 


0.207 


16.7 


150 


164.7 


11.20 


3-35 


34-5 


35-59 


o.iSS 


42.60 


48.99 


0.186 


0.214 


16.9 


160 


174-7 


11.88 


3-45 


36.1 


36.30 


0.158 


43.82 


50.39 


0.191 


0.219 


18.4 


170 


184.7 


12.56 


3-54 


37.3 


37.20 


0.162 


44-93 


51.66 


0.196 


0.225 


19.0 


180 


194-7 


13.24 


3.64 


38.8 


38.10 


0.166 


46.05 


52.95 


O.20I 


0.231 


19-3 


190 


204.7 


13.92 


3.73 


40.1 


38.80 


0.169 


47.16 


54-22 


0.206 


0.236 


19.5 


200 


214-7 


14.60 


3.82 


41.4 


39-50 


0.172 


48.18 


55.39 


O.2IO 


0.241 


20.1 


210 


224.7 


15.28 


3-91 


42.8 


40.10 


0.174 


49-35 


56.70 


0.216 


0.247 




220 


234.7 


15.96 


3-99 


44.0 


40.70 


0.177 


50.30 


57.70 


O.22O 


0.252 




230 


244.7 


16.64 


4.08 


45.3 


41.30 


0.180 


51.30 


59-10 


0.224 


0.257 




240 


254.7 


17-32 


4-17 


46.6 


41.90 


0.183 


52.25 


60. 10 


0.228 


0.262 




250 


264.7 


18.00 


4.24 


47.6 


42.70 


0.186 


52.84 


60.76 


0.230 


0.264 




260 


274.7 


18.68 


4.32 


48.8 


43-00 


o.i83 


53.85 


62.05 


0.235 


O.27O 




270 


284.7 


19.36 


4.40 


5o.o 


43-50 


0.190 


S4.6o 


62.90 


0.238 


0.274 




280 


294.7 


20.04 


4.48 


51- 1 


44.00 


0.192 


55-50 


63.85 


0.242 


0.278 




290 


304-7 


20.72 


4-55 


52.2 


44.50 


0.194 


56.20 


64.75 


0.246 


0.282 




300 


314-7 


21.40 


4.63 


53.4 


45-30 


0.197 


56.70 


65.20 


0.247 


0.283 




350 


364.7 


24.80 


4-98 


58.5 


47-30 


0.206 


60.15 


69.16 


0.262 


0.301 




400 


414.7 


28.20 


5.31 


63.3 


49-20 


0.214 


63.19 


72.65 


0.276 


0.317 




450 


464.7 


3l.6o 


5-61 


67.8 


51.20 


0.223 


65.93 


75. 8r 


0.287 


0.329 




500 


514-7 


35.01 


5-91 


72.1 


52.70 


0.229 


68.46 


78.72 


0.298 


0.342 
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The shaded area shown represents work lost, for, obviously, it 
has to be performed twice. The reduction in pressure of the air 
at the point of valve opening in the high-pressure cylinder is 
caused by cooling in the intercooler, and frictional losses through 



Head End 
B.P.M. 115 

195*(abB.) 




Vacuum j 



Fio. 88. 



the valves and intercooler. The almost steady rise in pressure 
during the suction stroke of the high-pressure cylinder is prob- 
ably caused by heating of the air by the already hot valves, 
cylinder walls, piston, etc. 

Lengthy computations and derivations of formulae for work 
done in air compression are of little value in actual practice, but 
considerable benefit is derived from the study of theoretical 



1 70 PUMPING BY COMPRESSED AIR 

drawn into the low-pressure cylinder and there compressed to 
volume F2 and pressure P%. The air is cooled and the volume is 
reduced to that shown by gCj which is equivalent to the volume 
obtained in isothermal compression from PI to P 2 - The high- 
pressure cylinder then receives the air and compresses it up to 
pressure P and volume V The curve of compression follows 
the broken line edcb. 

Now, if the air were compressed in a single-stage machine from 
Pi to P the curve of compression would be ei (PV n = C), and 
the work done evidenced by the area aief. The work done in 
two-stage compression is shown by the area abcdef and the saving 
realized over single-stage compression is shown by the area 
bide. 

Let Qi and Q 2 = work in foot pounds to compress air in the 
low- and high-pressure cylinders, respectively; and Q = total 
work of compression. The value of Q, then is 




The horse power required to compress one cubic foot of free 
air per minute in this way, remembering that (Fi Fa) is the 
net amount of air drawn into the low-pressure cylinder is 




JjLj?. =r 

7.8 (n - i) 

Figure 88 shows a combined air card taken from a 8|-inch and 
i2-inch and 14 by 1 6-inch two-stage air-end, duplex-steam end 
compressor operating at 115 r.p.m., and against a pressure of 
195 pounds (abs.). At the time the cards were taken, the 
compressor was furnishing air for oil well No. 12, owned by the 
Crowley Oil & Mineral Co., at Evangeline, La.f 

* It must be remembered 'that Pi in Eq. 71 is the intercooler pressure while 
in formulae for work done, etc., in single-stage compression P* designates terminal 
pressure. 

t See Transactions of A.S.M.E., Vol. 31, Tests Upon Compressed Air Pumping 
Systems of Oil Wells, by E. M. Ivens. 



COMPRESSION GENERALITIES 173 

Single- versus Two-stage Compression. It must not be 
assumed that two-stage compressors are always more preferable 
than single-stage ones. Oft-times pressure requirements are 
such that the latter are more economical in operation as well as 
more attractive in first cost and floor-space occupancy. Multi- 
stage compressors under all conditions have a higher compression 
efficiency than single-stage machines of like capacities, but the 
ultimate or over-all efficiency of the latter is greater for terminal 
pressures of 80 pounds (gauge) and under, and it is this latter 
efficiency that the operator is most interested. 

A two-stage compressor requires, in addition to the parts of 
the single-stage machine, a high-pressure cylinder, valves and 
piston; an intercooler piped to the cylinders; and sometimes 
pumps for circulating water through the intercooler. This 
additional apparatus complicates the machine, increases the 
cost and floor space required, and increases the mechanical 
friction over the single-stage compressor. When the interest on 
the additional first cost plus the extra maintenance cost phis the 
mechanical efficiency loss is greater than the gain due to cooling 
during compression, then naturally it is unwise to install a two- 
stage machine. This condition does exist for all pressure require- 
ments of 80 pounds and under, as before said. 

Shortly after the air leaves the compressor cylinder, it is cooled 
to the temperature of the atmosphere. This means that the 
heat compression has been dissipated, and the energy or work 
necessary to its creation lost. The object of multi-stage com- 
pression, is to minimize this loss, which will ultimately occur, by 
removing heat of compression during compression itself, and 
thereby reducing the total amount of work required of the 
machine; all of which means a smaller expenditure of energy 
andj consequently, cheaper operation. If it were possible to use 
the air without first losing the heat of compression any cooling 
during compression would, obviously, be a loss to efficiency. 

The ideal compressor, then, is one in which all heat of com- 
pression is removed as fast as it is generated. To realize this in 
practice, it would be necessary that the machine have an infinite 
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frictionless transmission of air between the cylinders and adia- 
batic compression in each cylinder, together with other assump- 
tions previously referred to in the derivation of work formulas. 

Air Compression at Altitudes. In our discussion thus far, 
we have assumed that the compressor is being operated at sea 
level; that is that the inlet air is under an absolute pressure of 
14.7 pounds per square inch. If the machine is operated at a 
greater altitude, the intake air pressure will be proportionately 
less and additional work is imposed upon the compressor. This 
fact is self-evident. 

The capacity of a given compressor is less at higher altitudes 
than at sea level because of the diminished density of the intake 
air. In other words, at every stroke of the machine a smaller 
mass, or weight, of air is drawn into the cylinder. This should 
be kept well in mind and due allowance made when choosing a 
compressor to perform a certain duty. 

Volumetric efficiency is also less at altitudes due to the fact 
that the clearance air expands to the lower atmospheric pressure, 
and, consequently, when expanded occupies a larger volume of 
the cylinder. 

Stage compression can be employed to greater advantage at 
high altitudes because the heat of compression, which increases 
with the ratio of the final to the initial absolute pressures, is 
greater. Stage compression at altitudes is justifiable for 
pressure considerably under 80 pounds. 

Table 19 gives the multipliers for determining the volume of 
free air at various altitudes which, when compressed to various 
pressures, is equivalent in effect to a given volume of air at sea 
level. 
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number of stages, and that the air be cooled to Its initial tempera- 
ture between each stage. Fig. 89 is a diagram showing the horse 
power required to compress 100 cubic feet of free air per minute 
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up to various gauge pressures. The " Actual Single-stage " ar 
the "Actual Two-stage" coinprtrssion curves were plotted wil 
average results obtained from a large number of tests of varioi 
makes and designs of air compressors. The u Two-stage (A 

suxncd) " curve plotted from calculated results, assumii 



CHAPTER X 
THE AIR CARD AND AIR COMPRESSOR EFFICIENCY 

The Indicator Is indispensable In steam-engine design and 
operation, but it is, If possible, even more valuable in air-com- 
pressor practice. In the former the Held of usefulness is some- 
what limited In-so-far as the determining of the mechanical 
efficiency of the machine is concerned. That is, if the mechani- 
cal efficiency of an engine is to be determined, it is necessary to 
employ some form of absorption dynamometer in connection 
with the indicator; then the brake horse power, as observed from 
the former divided by the indicated horse power, is the mechani- 
cal efficiency, and the difference between the two is the power 
necessary to overcome the friction of the machine itself. Some- 
times friction diagrams are taken, i.e., cards taken when there Is 
no load on the engine other than its own friction, and their area 
subtracted from the full-load card, and efficiency computed. 
This method is inaccurate because the friction is obviously much 
greater throughout all bearings when the engine is loaded than 
when merely turning over with no external load. 

With the air compressor these limitations do not exist, as cards 
taken simultaneously from steam and air cylinders are full state- 
ments of the power conversion. The steam cards show the 
amount of energy put into the machine and the air cards show 
the power delivered in return, and the difference between the two 
is an accurate statement of the friction. By taking cards from 
the compressor when operating under varying loads, the friction 
for every change of load may be accurately determined. Cards 
taken simultaneously also show the relation between power and 
resistance at every point in the stroke. 

It will be a little difficult at first for those who are accus- 
tomed to reading steam engine diagrams to examine intelligently 

177 
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TABLE 19 

MULTIPLIERS FOR DETERMINING THE VOLUME OF FREE AIR AT VA- 
RIOUS ALTITUDES WHICH, WHEN COMPRESSED TO VARIOUS 
PRESSURES, is EQUIVALENT IN EFFECT TO A GIVEN 
VOLUME OF FREE AIR AT SEA LEVEL 





Barometric pressure 


Multiplier 


Altitude in 
feet 


Inches of 


Pounds 


Gauge pressure (pounds) 




mercury 


per square 
inch 




















60 


80 


100 


125 


150 





30.00 


14-75 


I.OOO 


i .000 


I .OOO 


I.OOO 


I.OOO 


1,000 


28.88 


14.20 


1.032 


1-033 


1.034 


1-035 


1.036 


2,000 


27.80 


13.67 


1.064 


i. 066 


1.068 


I.07I 


1.072 


3,000 


26.76 


13.16 


1.097 


1. 102 


I.I05 


I.I07 


1.109 


4,000 


25.76 


12.67 


1.132 


I.I39 


I.I42 


1. 147 


1. 149 


5,000 


24.79 


1 2. 2O 


1.168 


I.I78 


I.I82 


1.187 


1.190 


6,000 


23.86 


11.73 


1. 206 


1.218 


1.224 


1.231 


1.234 


7,000 


22.97 


11.30 


1.245 


1.258 


1.267 


1.274 


1.278 


8,000 


22.11 


10.87 


1.287 


1.300 


I.3IO 


1.319 


1.326 


9,000 


21.29 


10.46 


1.329 


1.346 


1.356 


1.366 


1.374 


10,000 


20.49 


10.07 


1-373 


1.394 


1.404 


1.416 


1.424 
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the clearance lines are all located and drawn in exactly the same 

'i* , 'i f 
manner as for the steam diagram. In Fig. 91 the atmospheric r n! 

line is purposely drawn low in order to distinguish it from the 
admission line. In actual diagrams, the admission line does fall 
below the atmospheric line varying distances. In well-designed 
cylinders this pressure difference averages pounds, while in 
poorly-designed cylinders it is as great as 1.5 pounds. Re- 
stricted port areas, long intake pipes and heavy inlet valve 
spring increase this loss. 

A volume of air, represented by the rectangle MLPD, is drawn 
into the cylinder and compressed from the absolute pressure, 
represented by 27?, up to that represented byFK. In so doing, 
the volume has been reduced to GFJN, and this is delivered to 
the receiver or pipe lines. The actual piston displacement is 
represented by the rectangle NGPD, There is, necessarily, in 
every cylinder a certain amount of clearance between, the piston 
and the head and around the valves. These clearance spaces, 
represented on the diagram by rectangle NCIG, at the end of the 
stroke of the piston, are filled with air at the discharge pressure. 
As the piston recedes, this clearance air expands along the line 
GM (which is practically adiabatic), until it finally occupies the 
volume MCILj when admission of air from the atmosphere begins 
and the cycle is repeated. 

Air compressors arcs rated by all manufacturers according to 
their piston displacement, and, consequently, to ascertain the 
actual capacity of a compressor one must know the volumetric 
efficiency of its air cylinder. We shall discuss this at greater 
length later. 

Theoretical Curves. - - To form a comparison of actual com- 
pression of air and compression under ideal conditions, it is 
necessary to draw the theoretical curves. This may be done in 
exactly the same manner as for steam, and, usually, both the 
adiabatic and the isothermal curves are drawn on the air diagram. 
To facilitate the drawing of these curves, Mr. Frank Richards, 
on pages 48 and 49 of his Compressed Air } has provided dia- 
grams which are very useful Mr. H. V. Conrad, in Power, 
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cards from an air cylinder. One can best learn by keeping in 
mind that the one is the direct opposite of the other. In other 
words, the steam diagram is the record of pressures of an expand- 
ing gas doing external work, while the air diagram is the record 
of pressures of a gas being compressed and having work _done 






FIG. 90. 

on it. Therefore, the expansion line of the steam diagram cor- 
responds to the compression line of the air diagram; the admis- 
sion line of the one corresponds to the discharge line of the other; 
and the compression line corresponds to the reexpansion line, 
and all as clearly shown in Fig. 90. 



G L 



A X V 



FIG. 91. 



Figure 91 is a diagram from the "air end" of a single-stage 
air compressor. The lines are smoother and more nearly perfect 
than those of the actual card. The atmospheric, the vacuum and 
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attached to the air cylinders of a two-stage compressor. The ? jr 

pipe connections are such that, by manipulating the valves, dis- i ' j^J 

charge pressure lines may be drawn on all the diagrams and both 
discharge and inlet pressure lines drawn on the high-pressure 
cylinder diagram. 

Air-compressor Efficiencies * Mechanical Efficiency. The ',- (V 

energy in the steam admitted to the steam cylinder of an air com- , l'| ( , 

pressor is expended in the following ways: i'U 

j. To heat the steam-cylinder walls and piston; j iff 

2. To compress the air; 

3. To heat the air during compression; 

4. To heat the jacket water; 

5. To overcome the friction of the machine. 

The horse power required by 2 and 3 may be computed from 
the air-indicator diagram; 4 may be found by observing the 
temperature of entering and leaving jacket water, together with 
its weight and computing the B.t.u.'s therefrom, and the equiva- 
lent horse power; and 5 is found by subtracting the sum of the 
first three from the indicated horse power in the steam cylinder. 

The Mechanical Efficiency of a steam-driven air compressor, 
then, is equal to the air horse power plus the jacket horse power 
divided by the indicated horse power, or 

LL (72) 

and the mechanical efficiency of a power-driven machine is 

expressed by 

; _ A.II.P. + JktH.P. _ . ( } 

Brake ILP. delivered to compressor shaft 

This efficiency depends upon the mechanical construction of 
the machine and the lubrication. It will be found to vary from 
75 per cent in poorly-designed machines up to 92 per cent in the 

best designs. 

* Air Compressor /{jla'encia, by K. M. Ivcns in Power, Oct. 15, 1912. 
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March, 1911, has compiled very convenient and accurate tables 
for laying off theoretical air-compression curves. 

While it is well to appreciate the value of the air diagram, still 
it must not be trusted blindly, for it often conveys false impres- 
sions, and, in skillful hands, the indicator can be made to tell some 
very flattering things. For instance, if longitudinal by-passes 
were cut in the cylinder walls near the heads and slightly longei 
than the thickness of the piston, so that at the end of the stroke 





Fics. 92, 

the piston uncovers their ends, the clearance air under the c.l - 

charge pressure will escape to the opposite side of the piston, a d 

a card taken will show a very high volumetric efficiency. \ 

scored cylinder will give a card whose compression curve is mi h 

nwtrer the isothermal than ordinary, as will a leak by the suet: n 

valves, The delivery line of the air card is wavy ami irregul r, 

due to the action of the valves, so it is difficult to determine w .h 

accuracy the discharge pressure. la Fig. 92 are shown indicat rs 
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time, to the number of cubic feet of piston displacement dtylng 
that time, or 

_ __ Actual cubic feet of free air per minute / v 

v Cubic feet of piston displacement per minute 

On the indicator diagram the observed volumetric efficiency 
is (Fig. 94) obviously --- 

Volumetric Efficiency Depends, First, upon the Clearance 
Volume in the Air Cylinder. If there were no clearance be- 
tween cylinder heads 
and piston at the end 
of the stroke, and no 
lost space in and 
around the valves, the 
volumetric e f f iciency 

(referring to atmos- <r[y> ^"^-~-_ c a 

pheric air) would al- 
ways be roo per cent. 
The greater the clear- Fta 94 * 

ance volume, then, the greater will be the volume of the 
cylinder occupied by the expanded clearance air. This fact is 
self-evident. 

Volumetric Efficiency Depends, Second, upon the Terminal 
Pressures. The higher the terminal pressure of air in any 
given cylinder, the greater will be the volume occupied by the 
expanded air of the clearance spaces. This means that, as the 
terminal pressure is increased, the volumetric efficiency decreases. 
To show this graphically, there are reproduced in Fig. 95 three 
super-imposed diagrams taken from the same cylinder at the 
different pressures shown. The increase in volumetric efficiency 
as the terminal decreases is plainly evident in the illustration. 

Volumetric Efficiency Depends, Third, upon the Temperature 
and Pressure of the Intake Air. Since, by our definition, 
volumetric efficiency refers to free air, or air at 14.7 pounds 
pressure, and 60 F., then every change of temperature and 
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Compression Efficiency. Compression (or compressor) effi- 
ciency is the ratio of the theoretical horse power required to 
compress an amount of air to that actually required, or 



theoretical H.P. 
A.H.P. 



(74) 



The adiabatic and the isothermal horse powers are both theo- 
retical, but since the term efficiency is a statement of how nearly 
perfect a machine or device is, it is proper that we use the latter 
(referring to no clearance base) in our formula. 

This efficiency depends upon the design of water jacket and 
cooling appliances, and it is principally to increase compression 
efficiency that multi-stage compression is employed. 

To determine the compression efficiency, the isothermal curve 
is plotted on the air card (Fig. 93), starting, of course, at the 

beginning of the stroke, 
and ending at the the- 
oretical delivery line, or 
terminal pressure line. 
The area abdf thus en- 
closed divided by the 
area acde of the actual 
card is the compression 
efficiency. Indicator 
cards that show a very 
high compression effi- 




FIG. 93. 



ciency should be looked upon with suspicion, as investigation 
will invariably show that either the suction valves leak or air 
is escaping from the compression side of the moving piston to 
the suction side, due to scored cylinder or leaky piston. Actual 
compression curves will follow the adiabatic curve quite closely 
as the water jacket has little effect other than to facilitate 
lubrication. 

Volumetric Efficiency. Volumetric efficiency is the ratio of 
the actual number of cubic feet of free air compressed per unit of 
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ure there occurs a loss of practically i per cent in volumetric 
ffidency. 

Likewise, volumetric efficiency is affected by change of atmos- 
Jicre or intake pressure, the temperature remaining constant. 
"o show this, let us suppose that our compressor were removed 
o a high altitude where intake air of 13.7 pounds pressure and 
io F. is available. Now, 135 cubic feet of this air is equivalent 
o 132.62 cubic feet of free air, and our third expression for 
'ohmietric efficiency is 

88 4 pe r cen t (78) 

w J 



150 



Therefore, for every 0.625 pounds decrease of intake pressure 
here occurs a loss of i per cent in volumetric efficiency. 
Formula and Measurement. The most popular and con- 
method of determining the volumetric efficiency of an 







LIT cylinder is from the indicator diagram. 



Referring to Fig. 



the ratio ~- is what we might call the observed volumetric 



cc 



efficiency. On the actual diagram, these distances are measured 
vith some convenient scale, and the computations made and the 
esults so obtained corrected for inlet temperatures and pressure. 
/olumetric efficiency found after these corrections are made is 
;he true or real efficiency. 
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pressure of initial (intake) air has its effect directly upon the volu- 
metric efficiency. For instance, let us suppose we have a room 
whose temperature is 60 F., and whose atmospheric pressure is 
14.7 pounds or, in other words, conditions where actual " Free Air " 
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FIG. 95. 

is available and drawn without heating into the cylinder. In 
this room is located a compressor whose capacity is 135 cubic 
feet of this air per minute, whose piston displacement is 150 
cubic feet per minute and whose terminal pressure is 100 pounds. 
The volumetric efficiency under these conditions, then, is 



90 per cent 



(76) 



Now, suppose that from some cause the temperature of intake 
air were raised from 60 F. to, say, 65 F., the atmospheric and 
terminal pressures remaining as before. The compressor will 
still draw in 135 cubic feet of air per minute but, owing to the 
higher temperature, a lesser weight, or mass, of air will be with- 
drawn from the atmosphere. According to the law of Charles, 
previously given, 135 cubic feet of air at 65 F. and 14.7 pounds 
pressure is equivalent to 133.75 cubic feet of air at 60 F., and 
14.7 pounds pressure. Under these conditions our expression 
for volumetric efficiency becomes 



E 9 = **' /J) = 89 per cent 



(77) 



This shows that for a rise of every 5 F. in intake-air tempera- 



THE AIR CARD AND AIR COMPRESSOR EFFICIENCY 187 

V 
The ratio ~ is, obviously, the percentage of the cylinder volume 

given up to clearance. Equation 84 shows that, in scaling the 
diagram for volumetric efficiency, we have taken into considera- 
tion the effect of clearance and terminal pressures but not that 
of the initial temperature and pressure. In order to provide for 

this, it is necessary to multiply 84 by ~; , where T is the absolute 

temperature of the air at the instant that compression begins, 
and Ti is 60 + 460.6. 

Also, the pressure at the beginning of compression is nearly 
always less than that of the atmosphere, due to frictional losses, 
valve spring resistance, etc. To provide for this, equation 84 

P 

must be multiplied by *--, where P is absolute pressure shown by 

the intake line on the diagram, and PI is 14.7 pounds. 

The expression for the true or real volumetric efficiency, there- 
fore, is 




TrucE^^- t- ,< ^ -x (85) 



Under some circumstances this method of volumetric efficiency 
determination is to be avoided, for results then obtained will be 
misleading and, consequently, worse than worthless. Leaky 
suction valves or stuffing boxes, and a cylinder scored at or near 
the end of the stroke will produce an almost perpendicular re- 
expansion, curve. 

These defects may be detected on the diagram, however, by 
plotting the theoretical curves and comparing with the actual 
curves. Fig. gj shows the typical case of leaky valves on one end 
and their effect on the volumetric efficiency and the compression 
curve. A better way to determine the volumetric efficiency of a 
compressor under all conditions of cylinder, etc., is to actually 
measure the air delivered and divide by the piston displacement. 
The air may be measured by means of a standard orifice or by a 
system of enclosed tanks. The former method is described by 
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We may derive expressions for real and observed volumetric 
efficiencies from the diagram as follows: 

Remembering that PV n = PiVi n = JPzVf = C, from Fig. 96 
we get: 

= e + ag 

Substituting in 79 

i 

de + ag /PA 




whence 

/D "-i] (so) 

ag is the clearance volume, and it may be determined by actual 
measurement by well-known methods. We may say, then, 
that this quantity is known, and, designating it as V c and sub- 
stituting in (79), we have 

de = V c \(Q} n - i (81) 

lUv J v ; 

Now 

r\-L j r* dc ce de / \ 

Observed E v = = (82) 

ce ce 

where 

'= piston displacement P d . 

Substituting the value of de as given in (81) into (82) we get: 



Observed E v = 
or 



Observed E v = i- ^\^\ -j (8 4 ; 
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Now, shut off tank C and start the compressor. Watch the 
gauge on C until the needle reaches a suitable point, say 15 
pounds,, and from this time on until pressure P 2 is reached count 
the revolutions of the compressor, observe temperatures and 
time of run. A number of runs should be made and the mean of 
the results found substituted in the formula following. 
Let P = atmospheric pressure 14.7 pounds; 
PI = initial absolute pressure in tank C; 
P>2 final absolute pressure in tank C; 
T = absolute room temperature in degrees C.; 
T\ absolute initial temperature of air in tank C; 
T<2 = : absolute final temperature of air in tank C; 
Y --" volume in cubic feet of tank C; 
V\ free air equivalent of air in tank at beginning of 

test ; 

F'2 r: free air equivalent of air in tank at end of test; 
i) - actual amount of air pumped into tank; 

/> 
RI - ^ atmospheres at beginning of test; 

P 

AV---: "atmospheres at end of test; 

Now, disregarding temperature, 

v s- j/ a ,,-, YI w volume of air compressed or pumped. 
Now, 

Vi - F^; and F 2 V 



or 

2 , r (/f - J?i) (86) 

The theoretical quantity of air pumped is equal to the piston 
displacement of the compressor, or / X a X n, where 

I s length of stroke in feet; 
a m area of piston in square feet; 
n number of strokes. 
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Prof. Elmo G. Harris, in Compressed Air. The latter method is 
as follows: 

Connect the air compressor to two enclosed tanks B and C, as 
in Fig. 98, with a regulating valve between B and C, air gauges 




FIG. 97. 

and thermometers as shown. By means of the regulating valve, 
the air pressure in B may be maintained at the desired pressure 
for which the volumetric efficiency is to be determined. The 




Gage 



FIG. 98. 



^ both 



tank C then may be pumped up from pressure Pi to 
lower than the pressure in B. 

It is always advisable to begin the test at an initial pressure 
higher than the atmospheric. 
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accurate formula can be derived that will take into consideration 
even one of the variables, such as upkeep or depreciation. The 
most reliable information we have on the subject is a series of 
tests made by Mr. Richard L. Webb on a number of air com- 
pressors in the Canadian mining district. These tests are 
published in Compressed Air Plant, by Prof. Robert Peele. 

Economy Essentials. The foregoing discussion and state- 
ment of facts show that the economy of an air-compressor unit, 
depends: 

(1) Upon the mechanical construction, that is, the size and 
proportion of bearings and wearing surfaces; lubricating system 
and general design of parts. 

(2) Upon the length and volume of ports in the air cylinder, 
Long and tortuous ports and air passages increase the losses by 
heating the incoming air before compression begins. 

(3) Upn the cooling devices and water jackets and tempera- 
ture of cooling water. 

(4) Upon the surrounding conditions, that is, altitude at which 
the machine is being operated, and atmospheric temperature. 

(s) Upon the clearance spaces. 

j(6) Upon the economy of the power end. 
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The volumetric efficiency is thru represi'nlcd by the formula 

., r<A* - A',) 
' 



Correcting for temperatures, (So! becomes: 

f /A>. A'A 
--"U 7-J <> 

If the barometric pressure is other than 2c|,i|2 inrlies of mercury, 

the formula should be correct r< I and made to read as follows: 



'~y- (*''/*' "'"'i';" 



Our iinal expression for volumetric eilicieiuy then becomes 

. KA 



(Hi)) 



n :, , . 

. ( tp ) 



Over-all Efficiency. This efliciency i> flic* most important 
of all to the user, for it refers directly without limitation or 
proviso to the cost of o(u*ration. It means, the cost in fuel, up- 
keep, supplies, interest and depreciation of air delivered to the 
receiver or pipe line, ami is, consequently, a combined Matement 
of mechanical, compression, and volumetric tiiit irncies as wrll as 
of reliability. 

The following is a expression of overall efficiency 

referred to the isothermal, no clearance base. 

IT/ _ Isothermal H. P. JHT ic rufm- frri uf air per minute 

Boiler H.I*, per loonibk ftr! per minute actually delivered 

This expression docs not into coasideration all the factors 
that affect over-all efficiency, but even ;w it is, it is something 
definite and a much more satisfactory than any yet given. 

Elaborate tests over long |x*riotis of time arc neresaary to deter- 
mine the true over-all etiicicnty of any nuchineand, obviously, no 
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CHAPTER XI 
THE COMPRESSOR 

Air compressors as a whole art* usually divided Into two general 
classes, namely, u>d and dry. The wet compressor is divided 
into three types, and tin* dry compressor is divided and sub- 
divided into various types and. deigns until the commercial 
machine with its cylinder combination and construction are 
reached. The diagram ('Fig. ojj') shows this progression quite 
clearly ami will be found ronvenient in selecting a compressor 
to meet certain conditions and requirements, 

The various makes and deMgn> of air compressors have been 
illustrated and discussed most ably by Prof, Robert IVele in 
CUM pressed Air /%!!,. ami compressor manufacturer* is*ue cat- 
alogues and bulletin* describing their pri|wt which may be had 
for the asking; hence nothing <an be said here In this connec- 
lion that would not he mere rej>etitiou. 

Air-compressor Optrnticm.* The large 

majority of instances of unsatisfactory operation of air com- 
pressors, and often disastrous explosions in reieivers and pipe 
lines emanate from improper inMallatiun in the hrst place and 
continued negligent operatiun and disregard of itir t-ompressor 
nunufacture,rs' instruct ims in tin* secoiul plat e, rnfurtunately, 
many operating engineers look upiui the i*mpresHor as a rough 
anil ready machine built to withstand all manner <f abuse, 
expennive to opt-rait 1 and only ! lit* used when nothing else will 
serve the purpose. This impression in, of tiiursr, erront f ouN, and 
is easily corrected if the intemin] ujurrator, brfon* eretting a 
compressor, will familiarize, liitit^rli the practical principles 

of air compression; the atteiuiant iangt*rs an<I necrss;iry pre- 
cautions; and the simple requirements rssenlial to trco 

* ,/Viirr, Ih'i". 3-0, it|Sj Air t* wif>r<-'>i>ir /r,}!<)L } iti:<n) i*ri</ O/trr.j*'j<ff, 
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Receiver. The functions of the air receiver are (i) to create 
a cushion and thereby eliminate the compressor pulsations in the 
pipe line; (2) to serve as a storage of power; (3) to cool the air 
and precipitate any oil or moisture carried in entraimnent; (4) to 
eliminate certain friction losses that would occur if cooling were 
effected in the pipe lines. The receiver should, consequently, be 
located in a cool place, preferably outside of the building, and as 
close as possible to the compressor. 

Receiver fittings should include pressure gauge, safety valve 
and blow-off cock located at or near the bottom. 

Air-inlet Piping. It has already been shown that an increase 
of 5 F. in temperature of intake air is accompanied by a de- 
crease of i per cent in volumetric efficiency; which means that 
as the intake-air temperature increases, the free-air capacity of 
the machine decreases and the same amount of energy is ex- 
pended as though the full capacity of the machine were being 
realized To assist the compressor, then, the inlet should be 
piped to the outside of the building and some ten or twelve 
feet above the ground surface. The opening should be well 
screened to prevent drawing in dust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder directly from the room, it is 
very important that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cylinder with the uir will cut and wear the inner surfaces and 
valves very rapidly, and no end of trouble results. 

Sometimes conduits are used instead of piping to the Inlet. 
These are best constructed of wood lined with tin and the open- 
ing well screened. Concrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at least double the cross-sectional area of the inlet opening of the 
compressor. 

As few bends as possible should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance, 
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operation. A few instructions follow which, if observed only 
indifferently, will furnish the much needed relief to the compres- 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. In installing a new compressor the first con- 
sideration to come up is where to build the foundation. The 
cleanest and coolest place available in the room should be chosen 
and ample space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de- 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers 7 specifi- 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build- 
ing foundations for straight-line machines, that special pains be 
taken to make them of liberal size and rigidity. It is a good 
plan to reenf orce concrete foundations with J- to f -inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The material for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mixture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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Receiver. The functions of the air receiver are (i) to create 
a cushion and thereby eliminate the compressor pulsations in the 
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as the intake-air temperature increases, the free-air capacity of 
the machine decreases and the same amount of energy is ex- 
pended as though the full capacity of the machine were being 
realized. To assist the compressor, then, the inlet should be 
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feet above the ground surface. The opening should be well 
screened to prevent drawing in dust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder directly from the room, it is 
very important that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cylinder with the air will cut and wear the inner surfaces and 
valves very rapidly, and no end of trouble results. 

Sometimes conduits are used instead of piping to the inlet. 
These are best constructed of wood lined with tin and the open- 
ing well screened. Concrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at least double the cross-sectional area of the inlet opening of the 
compressor. 

As few bends as possible should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance, 
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operation. A few instructions follow which, if observed only 
indifferently, will furnish the much needed relief to the compres- 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. In installing a new compressor the first con- 
sideration to come up is where to build the foundation. The 
cleanest and coolest place available in the room should be chosen 
and ample space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de- 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers' specifi- 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build- 
ing foundations for straight-line machines, that special pains be 
taken to make them of liberal size and rigidity. It is a good 
plan to reenforce concrete foundations with |- to f -inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The material for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mixture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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the adiabatic compression of air, the temperature and pressure 
relations are expressed by the formula: 



^ = / Pi 
r 



whence 



where Fancl 7\ are the initial and the final absolute air tempera- ''.M^ 

tures respectively, and P and PI the initial and the final absolute ; j| ! , 1 

pressures. Therefore, the temperature of the air at discharge '!/ , 

from the cylinder is dependent not only upon the pressure but ->|| ^ 

upon the temperature of the intake air. Suppose that we now 'j ' 
have a single stage compressor operating at sea level and that ' , ]' ' 
the atmospheric temperature is 60 F., and the discharge pressure 
70 pounds, the final temperature is 



f 84 ' 7 V 2i) = 
\i4-7/ 



866 absolute 



or 406 degrees by the thermometer. This calculation is based 
upon no heat radiation losses, and is, consequently, slightly 
greater than the actual discharge temperature. 

The difference between actual discharge temperatures and 
that calculated above is small, for the actual compression line 
follows the adiabatic very closely. Air is one of the poorest 
conductors of heat, and the water jacket has little effect other 
than to facilitate lubrication. Tests of compressors operating 
under conditions named show that the actual discharge air tem- 
peratures range between 325 and 365 F., and instances even of 
higher temperatures are on record. 

The lowest temperature at which an oil will give off combustible 
vapors is called ihe/lash point and the temperature at which these 
vapors ignite and continue to burn is called the ignition point. 
The flash point of common lubricating oil is about 260 F., and 
the ignition point about 295 degrees. Common cylinder oils 
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the inlet piping should be increased in diameter in proportion to 
its length. A good rule to follow is to increase the diameter 
one-half inch for each ten feet added in length. 

Discharge Piping. The pipe connecting the compressor and 
the receiver should at least be of the diameter of the discharge 
opening of the cylinder and contain as few bends as possible. 
Very often a salesman, in taking an order for an air receiver, 
recommends one whose inlet opening is considerably smaller 
than the compressor discharge opening. When the receiver 
arrives and the engineer on the ground learns this ; he imme- 
diately proceeds to insert a pyramid of bushings in the cylinder 
opening. This imposes additional hardship on the compressor 
and creates a condition conducive to explosion as we shall see 
later. 

Another serious mistake often made is the placing of a 
stop valve between the compressor and the receiver. This 
should never be done unless a safety valve be placed between 
the stop valve and the air cylinder; for there is a possibility 
at some time of starting up with the stop valve closed, when 
dangerous pressure will soon be reached and explosion likely 
to occur. 

Lubrication. The bearings and other external wearing parts 
of the air compressor are usually lubricated either by means of 
oil and grease cups suitably placed or by the splash or bath sys- 
tem. The latter method is coming into more popular favor and 
is rapidly replacing the former because of its simplicity, effective- 
ness and economy in the use of oil. Against it stands the 
objection that it is likely to be neglected and the oil becomes 
dirty and gritty, due to accummulation of abrasives gathered 
by the oil in passing and repassing over the bearings. 

The air-cylinder lubrication is by far the most vital point in 
air-compressor operation, and- it seems to be the least understood. 
In order to appreciate fully the necessity of proper cylinder 
lubrication, consider the conditions that have to be met. 

The compression of a gas is accompanied by a rise in tempera- 
ture, in accordance with the law stated in Chapter IX. For 
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J-inch hole, this little device may be installed in any pipe line. 
In case of an abnormally high temperature the fusible insert of 
the plug melts and the air escapes with a sharp whistle. This 
immediately attracts the atten- 
tion of the operator, and the 
cause for the high temperature 
may be remedied before any 
serious damage is done. IvlG ' I0a 

Only a very small amount of oil is necessary for the air cylinder 
and as little as possible should be used, for excess of oil will deposit 
carbon and gum the valves. Just how much can best be deter- 
mined by experiment, but a good approximation is one drop per 
minute for cylinders from 6- to lo-inch stroke, three drops in two 
minutes for cylinders from 12- to 1 6-inch stroke, two drops per 
minute on 18- to 24-inch stroke cylinders, and three to live drops 
for larger cylinders. These quantities apply when the com- 
pressor is running at normal speed, and if, for any reason, the 
revolutions are increased or decreased, the quantity of oil should 
also be varied in proportion. 

Circulating Water. ~ The duty of the jacket water is to carry 
oil the heat transmitted to the cylinder walls and heads by the 
compression of the air, and thereby assist lubrication. A liberal 
supply of cool water should be furnished the jacket and necessary 
precautions taken that will prevent starting up with a dry 
jacket. 

Air cylinders are provided with water inlet and outlet openings 
as well as drain. In some cylinders, inlet and outlet openings 
are at the lop of the barrel, while in others, the inlet is below and 
the outlet above the barrel. In the first instance, there can be 
no mistake in making pipe connections, but with the latter 
arrangement of openings, the error is often made of connecting 
the inlet pipe above into the outlet opening. When this is 
done, the jacket is not kept full of water, and the surfaces not in 
contact with the water will become heated. 

The water outlet should he in plain view of the operator, and 
this is best accomplished by allowing the water to fall into an 
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flash at about 350 degrees and ignite at about 400 F. The oil 
best suitable to air cylinder service is one having a flash point of 
about 500 degrees and an ignition point of about 600 F. 

If proper oil is used, a comparison of temperatures will show 
that, under ordinary conditions and with cylinder and valves in 
good condition, an explosion is impossible. If, on the other hand, 
a low-flash-test cylinder oil is used, it is soon decomposed by the 
heat, the volatile constituents ignited and a destructive explo- 
sion usually follows. There are instances on record where igni- 
tion has occurred without explosion, but the chances are always 
in favor of explosion. 

A scored cylinder and valves, caused by dirt and grit drawn in 
with the air and sticking discharge valves, may also cause the 
ignition of volatile constituents of the oil. For instance, suppose 
that a sufficient amount of the air at discharge temperature 
to raise the initial temperature from 60 F. to 200 F. found its 
way back from the receiver or pipe line into the cylinder on the 
suction side of the piston. This air might return through either 
leaky or sticking discharge valves, or from the compressing side 
of the moving piston to the suction side. Then with 200 F. 
initial temperature, the final temperature of air compressed to 
70 pounds gauge would be 

Ti = 661 (-^ ) = 1096 degrees absolute, 
U4-7/ 

or 635 degrees by the thermometer, which is high enough to decom- 
pose and ignite even the best of oils. This shows the importance 
of locating the compressor so that the coolest and cleanest ain 
obtainable is drawn into the cylinder. Other conditions favor- 
able to ignition are carbon deposits from the oil on the valves 
and passages, restricting their area; too small a discharge pipe; 
and drawing air from a hot engine room. Any of these cause 
at least an increased final temperature, and each, if extreme, 
will ultimately cause ignition. 

Figure 100 shows the Hodges' fusible alarm plug, manufactured 
by the Ingersoll-Rand Co. By simply drilling and tapping a 
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smaller tank soldered to the side of A and containing soap. The 
bottom of B is perforated with J-inch holes as shown at C. The 
water in A passes through the holes up into B and in passing 
dissolves some of the soap 
and rises to the top of the 
i-inch pipe E. The solu- 
tion then passes down this 
pipe into the compressor 
suction. Before shutting 
the compressor down, the 
water supply at D may be 
turned off and oil from the 
cup G fed into B. 

Because of its low flash 
point, kerosene should 
never be used for cleaning 




Lr-J 



FIG. 102. 



the cylinder. Summing up 
all that has been said, the following mode of operation is 
obviously to be recommended: 
Every morning: 

1. Drain the receiver; 

2. Note the height of lubricating oil in the crank case (or 

in oil cups) and replenish if necessary; 

3. Adjust lubricator for proper amount of oil feed; 

4. Start circulating water. 
Every week: 

5. Remove crank case, oil and filter; 

6. Remove and examine suction and discharge valves. If 

worn or cut, they should be ground to a tight fit; 

7. Test the safety valve by raising the air pressure to the 

point of blow-off; 

8. Take up lost motion in pins and bearings. 
Every month: 

9. Renew crank case oil, and throughly cleanse the inside 

of crank case; 

10. Thoroughly inspect all parts, including air and water 
passages. 
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open pipe end or funnel, as shown in Fig. 101. The controlling 
valve should always be placed in the inlet. Sometimes the circu- 
lating water is used for cither purposes after leaving the jacket, 
and a closed drcuit is necessary. The jacket water pressure 

*^...__ should not exceed 50 to 

/^~~^^ 60 pounds unless special 

attention has been given 
to the design. Dirty 
circulating water is in- 
jurious in that mud de- 
posits form which pre- 
vent the water from, 
reaching the metal and 
heating will result. If 
the compressor is ex- 
posed to freezing tem- 
I >erature, the jacket 
should be drained after 
bring shut down, otherwise the expansion of the water in freezing 
will crack the jarket. 

Cleaning. At stated intervals, say every 
mnlh, the compressor should be thoroughly inspected and any 
dedvl immediately corrected Usually, the air valves of the 
modern compressor are placed conveniently and can be easily 
removed and examined. They should present an oily surface 
and be kepi free of carbonaceous deposits. The ports and pas- 
sages should also hi* kept clean and free from obstructions. 

Cleaning list* Inside of the air cylinder may be done effec- 
tively by tin* lubricator with a strong solution of water 
and soap, feeding liberally throughout a clay's run. Generous 
quantities art* necessary, because soap in itself is not a very good 
lubricant. At the end of the day's run the lubricator should be 
fjlird with oil and the compressor operated for awhile; this, to 
prevent. of the inner polished surfaces. A soap-sud 
lubricator suggested by Mr, Martin Me Gerry in Power, is 
shown in Fig, 102* A is a galvanized water tank and B is a 
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struct the pipe line of gradually increasing cross-sectional area. 
True, the friction loss of air increases with the length of piping, 
the number of elbows, and so forth; but the loss in each unit of 
length added is greater than that in the preceding one, and the 
loss in the last unit is considerably greater than that in the first 
one. Consequently, the shorter the air line, the more nearly 
correct will be the tables generally used; and the longer the line, 
the greater will be the discrepancy. 

Another fallacious assumption sometimes made is that regard- 
ing the relation of friction loss to diameter of pipe. The interior 
resistance is much greater in proportion to volume transmitted 
in small pipes than in large ones because as the diameter is 
reduced, the ratio of perimeter to cross-sectional area increases. 
In forcing a given volume of compressed air through a i-inch line 
the loss is about 3,} times that encountered in forcing an equal 
volume through a 2-inch line of the same length. Other in- 
calculable variables affecting friction are irregularities on the 
inner surfaces of the pipe, and the broken surface at each joint. 

To sum up, the laws of air friction are: 

1. The loss of pressure clue to friction increases with the 
length of pipe; 

2. It increases with the square of the volume of air being 
transmitted; 

3. It increases with the roughness of the interior surface 
of the pipe; 

4. It increases with the number of bends, joints and fittings; 

5. It increases as the diameter of the pipe is reduced. 

These laws are expressed by D'Arcy in his formula: 

S (93) 



whence 

(94) 



CHAPTER XII 
FLOW OF COMPRESSED AIR IN PIPES 

As we shall have to do with the flow of both air and water in 
pipes, it is well that we review the principles and laws governing 
each. There is more or less approximation in all the calculations 
and formulas for pressure loss in water and air transmission and, 
owing to some uncontrollable variables involved, it is probable 
that truly accurate formula will never be had until a great deal 
more experimental data is available. 

Water is practically incompressible, and is of approximate 
constant density under all ordinary pressures. Consequently, 
the water frictional losses in pipe are independent of pressure 
conditions and the losses in any given section of a pipe line of 
uniform diameter are identical with those occurring in any other 
section of the same diameter, length and character. In other 
words, loss of head due to friction is directly proportional to 
the length of pipe through which the water flows. 

Air, on the other hand, is very elastic and the volume is in- 
versely proportional to the absolute pressure exerted upon it. 
Compressed air then advancing in a pipe line encounters a head 
or pressure loss due to friction and expands in proportion. The 
velocity of flow is increased in consequence, and this reacts to 
further increase friction loss and so on. The air friction loss, 
then, unlike water friction loss, varies in each unit of distance in 
a pipe line, and herein lies one difficulty of accurate calculation. 
The compressed air friction tables in general use at this writing 
are based on the assumption that air friction loss is directly 
proportional to the length of pipe; that is, if a certain loss occurs 
in 1000 feet of pipe, the loss in 2000 feet will be twice as great. 
This means uniform velocity throughout the length of the line 
and in order to realize which, it would be necessary to con- 
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where 

PI = initial gauge pressure at receiver; 
P 2 = final gauge pressure at the end of pipe line; 
PI P 2 = pounds pressure loss in friction; 

w = weight of air in pounds per cubic foot at pressure 

Pi; 
Q = volume of compressed air delivered in cubic feet 

per minute j 

/ = length of pipe in feet; 
C = experimental coefficient depending upon pipe 

diameter; 
d = diameter of pipe in inches. 

In Table 20 may be found the values of w under varying tem- 
peratures and_ pressures, and in Table 21* are given values of 
C, J 5 and C Vd 5 for various pipe diameters up to and including 12 
inches. 

Mr. Nathaniel Herz has solved D'Arcy's formula graphically 
in the December, 1912, Bulletin of the A. I. M. E. He explains 
his chart which is reproduced in Fig. 103 as follows: 

"The most common case is that in which the given quantities 
are: the quantity of air required, the length of the pipe, anc 
the initial pressure. The method of solution is to assume -< 
pressure loss and to compute the remaining factor, thus giving 
the size of pipe corresponding to the assumed loss of pressure 
It is always desirable to try two or more pressure drops, i 
order to find the combination that is most satisfactory, sine 
often a small change in the size of pipe will reduce or increas 
the loss of pressure several pounds. An alternative metho 
is to assume a size of .pipe and calculate the correspondin 
pressure drop. Each method involves a series of tedious ca 
culations to arrive at the most economical solution, and als 
requires the use of tables giving the constant, c, the actu; 
diameters corresponding to the nominal pipe sizes, the densit 
of the air, and often for convenience, a table giving the vah : 
of expression. A graphic chart has been constructed for tl t 

* Robt. Peele Compressed Air Plant. 
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TABLE 21 



Diameter of 
pipe 
(inches) 


Values of 
C 


Fifth powers 
of</ 


Values of 
cVd* 


I 


45-3 


I 


45-3 


2 


52.6 


32 


297 


3 


5'>.5 


^43 


876 


4 


58.0 


I,O24 


1,856 


5 


59.0 


3.1*5 


3,298 


6 


50.8 


7,776 


5i*73 


7 


too . 3 


16,807 


7,8x7 


8 


60.7 


32,768 


10,988 


9 


6 1 . o 


59*049 


14,812 


10 


6l ,2 


100,000 


19,480 


it 


61.8 


161,051 


24,800 


12 


62.0 


248,832 


30,926 
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solution of these problems with, no computation, and without 
the use of tables. The procedure is as follows: Begin with 
the quantity of compressed air delivered, on the left-hand 
vertical scale; follow across horizontally to the intersection 
with the inclined line corresponding to the length of the pipe 
line; pass up vertically to the inclined line corresponding to 
the initial pressure; then cross the chart horizontally to the 
heavy line at the right of the cross-sectioned part of the chart. 
The point here found is a pivot point, which is held with a 
pencil, pen, or needle point, and a straight-edge placed against 
it and swung across the "Z" diagram. Any two points on the 
inclined and vertical lines that are cut by the straight-edge at 
the same time go together as one solution of the problem, 
giving a pipe diameter with its corresponding loss of pressure. 
By swinging the straight edge, it is possible to see at a glance 
how the final pressure is effected by a variation of i inch in the 
pipe size. Moreover, the size giving the most desirable result 
is determined at one operation. If the drop is considerable, 
it may be desirable to adjust the volume to correspond with 
the new final pressure, and to repeat the operation; but within 
ordinary economical limits, the error involved by not doing so 
is negligible. Sometimes the problem may arise in another 
form; for instance, to find the maximum volume that can be 
handled in an existing line. In this case, the process is re- 
versed. Begin with the maximum desirable drop, and the 
size of pipe, then pass to the initial pressure line in a horizontal 
direction, then vertically to the length line, and finally hori- 
zontal to the left-hand scale, which will give the corresponding 
volume. Any other combination can be solved in a similar 
manner. The accuracy of this chart is well within commercial 
limits. It has been checked against calculated values for 
combinations varying from 100 to 1000 cubic feet of compressed 
air delivered per minute, pressure losses from three to 10 
pounds and pipes from 10 to 4000 feet long; all results were 
within 0.5 inches of the pipe diameter, and most of them within 
0.25 inch or less." 
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Another somewhat similar formula to D'Arcy's was published 
by Mr. J. E. Johnson, Jr., in the July 27, 1899, issue of the Ameri- 
can Machinist, and which is 

P 2 p 2 _ 

Pl ^ 

where, 

Pi = absolute initial air pressure in pounds; 
jP 2 = absolute terminal air pressure in pounds; 
q = free air equivalent in cubic feet per minute of volume 

passing through the pipe; 
Z = length of pipe in feet; 
d = diameter of pipe in inches. 

Tables 22* and 23* are given to facilitate the use of Mr. 
Johnson's formula, and, in order to make clear the use of these 
tables, the following typical problems are solved. 

Example i. -Suppose 2000 cubic feet of free air under 90 
pounds is required 1000 feet from the receiver. What size 
piping should be installed that will meet the requirements with 
100 pounds initial pressure? 

Substituting in formula: 



- (-04-7) 2 = 

(t 



76 9:99?/?. X ? 2 X X200 

(* ~-" " 1 """ 11 - 1 "-* ~..~-~ ~.- ,.,^-.^,,.^ s raOTW 



From Table 12, 

H4-7 2 = 13156 
IO4-7 2 = 10962 

Hence, JV P^ 2194 for 1000 feet of pipe, or 219.4 for 
JOG feet. 

Referring to Table 22, /V /V for 1000 cubic feet of free air 
per minute through 3-inch pipe is equal to 247 and for 3-|-inch 
pipe is equal to 114. Therefore, 35-inch pipe should be used. 

* Laid law- Dunn-Gordon Co.'s Catalogue. 
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Another somewhat similar formula to D'Arcy's was published 
by Mr. J- E. Johnson, Jr., in the July 27, 1899, issue of the Ameri- 
can Machinist, and which is 



where, 

p l = absolute initial air pressure in pounds; 

P 2 = absolute terminal air pressure in pounds; 

q = free air equivalent in cubic feet per minute of volume 

passing through the pipe; 

I = length of pipe in feet; 

d = diameter of pipe in inches. 

Tables 22* and 23* are given to facilitate the use of Mr. 
Johnson's formula, and, in order to make clear the use of these 
tables, the following typical problems are solved. 

Example i . Suppose 2000 cubic feet of free air under 90 
pounds is required 1000 feet from the receiver. What size 
piping should be installed that will meet the requirements with 
100 pounds initial pressure? 

Substituting in formula: 



w ~ 

ri4.7 2 - 104.7* 

From Table 12, 

114.7* = 13*56 
104.7* = '10962 

Hence, JPi 2 Pf = 2194 for 1000 feet of pipe, or 219.4 for 
100 feet. 

Referring to Table 22, Pf /V for 1000 cubic feet of free air 
per minute througli 3-inch pipe is equal to 247 and for 3$ -inch 
pipe is equal to 114. Therefore, 3 J -inch pipe should be used. 

* Lasdlaw-Dunn-Gorclon Co.'s Catalogue. 
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In Table 23, 11,616 is between the squares of 92 and 94 pounds 
gauge pressures. Therefore, the terminal pressure would be 
about 93.5 pounds. 

Loss Due to Valves, Tees and Elbows. Thus far in the 
discussion, we have assumed clean, straight pipe, free from 
valves, tees and elbows. All of these fittings, when installed in 
the pipe line, create additional friction loss and, consequently, 
their use should be dispensed with whenever possible. There 
are practically no experimental data to be had regarding the 
amount of loss caused by the addition of these fittings, with the 
exception of one or two tables given in air compressor manu- 
facturers 1 catalogues. 

The Ingersoll-Raml Co., in their catalogue No. 74, state that 
the reduction of pressure caused by globe valves is equivalent 
to that caused by the following additional lengths of straight pipe: 

Diameter of pipe 1 i i\ 2 si 3 $ 4 5 6 7 8 10 12 



Additional length] 2 4 7 xor 3 16 20 28 36 44 53 70 88 ! 

15 1 8 2O 22 24 -III 

i 15 143 162 181 200 f 

and the reduction of pressure caused by either elbows or tees is S J 

equal to two-thirds of that caused by globe valves, or, j 

Diameter of pipe 1 1 i.J 2 2.} 3 3?* 7 8 joj^2jc5jc8_j!to ,, ! 

Additional length} 2 3 5 7 9 n 30 35 47 59 77 96 108 : ' 

22 24 ' 

120 134 

i 

The more abrupt the change in direction of the pipe line, the 

greater will be the retarding effect upon the contained air and, i 

consequently, the greater will be the loss. The resistance caused *! 

by an elbow increases as its radius of curvature decreases; there- !\ 

^ ' i 

fore, long sweep elbows or bent pipe should always be chosen. ,'j 1 

The following ('fable 24), taken from the catalogue of the Nor- ^j 

walk Iron Works Co., shows a relation of additional length of ' 
pipe to elbow radius in terms of pipe diameter. ^ 
Table 25 shows the standard dimensions and weights of 
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Example 2.. Suppose 2000 feet of 3^-inch pipe is already 
installed, and the equivalent of 1000 cubic feet of free air per 
minute under 70 pounds pressure is desired at the end. What 
receiver pressure is necessary? 

Substituting in formula: 

p 2 __ Q 2 _ 0.0006 X I000 2 X 2000 

1 4 ' 7 ~ 3-5 2 

p 2 __ 0.0006 X I000 2 X 2000 , n 2 
o*D 

Referring to Table n, 
Pi 2 P 2 2 = 455 for 100 feet of pipe, or 9100 for 2000 feet. 

From Table 12, 

P 2 * = (8 4 .7) 2 = 
Now 



In Table 23, 16,274 is between the squares of iio and 115 
pounds gauge pressures. Therefore, an initial pressure of ap- 
proximately 113 pounds will be necessary. 

Example 3. Suppose an air compressor having a free air per 
minute capacity of 500 cubic feet is discharging against a pressure 
of 100 pounds into a 2f-inch pipe line 1000 feet long, what will 
be the terminal pressure? 

Substituting in formula: 



IT A ^ P * - Q - QO 6 X 5 2 X I00 
114-7 ^2 252 

P2 _ 0.0006 X 5oo 2 X IOOQ 

Pt ~ II4 ~ 2 . 5 2 

From Table 12, 

Pi 2 = H4-7 2 = I 3 I 56. 
From Table 1 1, 

Pi 2 P 2 2 = 154 for 100 feet of pipe, 

or 1540 for 1000 feet. 

Now 

P 2 2 = Pl 2 ^ ( Pl 2 . p 2 2) 

= 11,616. 
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TABLE 26 

STANDARD DIMENSIONS OF COUPLINGS FOR STEAM, GAS AND WATER 
PIPE BLACK AND GALVANIZED 



Size of pipe, 
nominal, 
inside 
diameter 


Inside 
diameter of 
coupling 


Outside 
diameter 01 


Outside 

area of 
coupling 


Length of 
coupling 


Threads 
per inch 
of screw 


Average 
weight of 
coupling 
in pounds 


Inches 


Inches 


IiU'her, 


Scj. ins. 


Inches 


- 


- 




1 i 


1 'i 













.1 a 


,1 ;'. 


O . ; 76 


1 J 


27 


o . 03 1 


1 


a '.} 


:1il 


0.405 


i II 


1 8 


0.046 


H 
I 


;,i 


H'i 


0-550 


1 J J i! 


18 


0.078 


*> 

:i 


,'i i; 

I, ,'! 


1 


0.785 


1 {\l 


,14 


0.124 


4 


l' 1 


1 *V 


i .3S 


1 /I 1 


14 


0.250 


I 
I 




t ( t,l 


J .017 


i ill 


1 1 1 


0.455 


U 


l !| 


1 'I 1 * 


2.053 


-*i 


1 1 J 


0.562 


I 2 


1 4 


* n'a 


3 , 83 , 


'> *' 

"H 


ii i 


0,800 


2 


> 7 

* '! '"' 


* 4 


5-<MO 


,,5 
-H 


Hi 


1.250 


2-1 


-'lil 


* T ' 


8,410 


2? 


8 


1.757 


3 


.U, 


'* j / 


12.177 


3n 


8 


2.625 


3-1 


3 ft ;*! 


4 J '<! 


15 .4^16 


3n 


8 


4 . ooo 


4 i 


4/,'i 


5 


i().635 
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wrought-iron pipe, all of which will be found useful in prepar- 
ing designs of air lines. 
In Tables 25 and 26 are specifications of screw and couplings 

for wrought pipe. 

TABLE 24 



Radius of elbow in terms of diameter of 
pips 
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if 


li 
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a 





Equivalent length of straight pipe in 
terms of its diameter 
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35.09 


121 2 





















TABLE 25 
TABLE OF STANDARD DIMENSIONS OF WROUGHT-IRON PIPE 



Nominal 
inside 
diameter 


Actual 
inside 
diameter 


Actual 
outside 
diameter 


Internal 
area, 
square 
inches 


External 
area, 
square 
inches 


U. S. gallon 
per foot 
of pipe 


Weight of 
pipe per 
lineal foot 


Inches 


Inches 


Inches 


Sq. ins. 


Sq. ins. 


Gallons 


Pounds 


t 


O. 270 


0.405 
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0.24 


i 
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0.0054 
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f 
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O.IQI 


0.3578 


o . 0099 


0.56 


* 
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0.840 
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0.84 
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T. 
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2.68 
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3-6i 
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5-74 


3 
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3-5oo 


7-383 


9.621 


0.3835 


7-54 


3* 


3.548 


4.000 


9.887 


12.566 


0.5136 


9.00 


4 


4.026 


4.500 


12.730 


15.904 


0.6613 


10.66 


4i 


4.508 


5.000 


15-961 


19.635 


0.829 


12.34 


5 


5-045 


5-563 


19.986 


24.301 


1.038 


14.50 


6 


6.065 


6.625 


28.890 


34.472 


1.500 


18.76 


7 


7.023 


7.625 


38.738 


45.664 


2.012 


23.27 


8 


7.981 


8.625 


50.027 


58.426 


2-599 


28.18 


9 


8.927 


9-635 


62.730 


72.760 


3-259 


33-70 


10 


10.018 


10.75 


78.823 


90.763 


4.095 


40.06 


ii 


11.000 


11-75 


95-033 


108.434 


4-937 


45.02 


12 


12.000 


12.75 


113.098 


127.677 


5.875 
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13 


13-25 


14 


137-887 


153.938 


7-163 


54-00 


14 


14.25 


15 


I59-485 


176.715 


8.285 


58.00 


15 


15.25 


16 


182.665 


201.062 


9.489 


62.00 



Air Line Design. There are other factors besides pure 
efficiency of air transmission that should be considered in a pipe 
line design. To reduce to the absurd, it would be poor economy 
to transmit 250 cubic feet of free air per minute through a 10- 
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Solving 

p x 2 - 12659 

Pi = 112.6 or a gauge pressure of nearly 98 pounds per 
square inch. 

Added to this, the loss caused by the four elbows and two globe 
valves makes initial pressure amount to 99.4 pounds. 

The Indicated Horse Power required to compress 5000 cubic 
feet of free air per minute up to 99.4 pounds pressure is (Table) 
5000 X 0.176 = 880 and which necessitates the generation of 
880 X 15 = 13200 pounds of steam per hour at the expense of 
1520 pounds of coal. The yearly fuel cost for ten hours a day 
operation (Sundays excluded) then is 

1320 X 10 Xsrs X$3 

-* ...... ~ ............................ v ....... * j 



2000 



^ 
$6197.40 

" 



The cost of a, six-inch pipe line and fittings, not including exca- 
vation or labor, would be about $1000.00. Taking interest and 
depredation into consideration, the total operating expenses 
tabulate as follows: 

Kue.l cost fur one year .................. $6197.40 

Six {R*r cent interest on pipe: line ......... 60.00 

Ten per cent depreciation on pipe line ..... 100.00 

$6357.40 

The cost now of a 7-inch pipe line and fittings, likewise exclusive 
of labor and excavation which would amount to practically the 
same as for 6-inch pipe, is about $1400.00. By the same method 
of calculating as previously employed, we find that for this 
size pipe line the operating, interest and depreciation charges 
tabulate as follows; 

Fuel cost for one year ..... ............. $6076. oo* 

Six jxir cent interest on pipe line ......... 84.00 

Six per cent depredation on pipe line ..... 140.00 

$6300 . oo 

* Assumed 15.5 ix>unds steam consumption since the compressor is only 90 per 

cent loaded. 
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inch line, simply because the losses would be negligible. The 
interest on the investment, depreciation, and up-keep are really 
part and parcel of operating economy, but, unfortunately, are 
entirely lost sight of and sacrificed by " efficiency" enthusiasts 
in their designs of power plants, pipe lines, etc. 

To illustrate the proper method of procedure in long air-line 
design, consider the following hypothetical case: 

Suppose we are required to deliver the equivalent of 5000 cubic 
feet of free air per minute under 80 pounds pressure at the end 
of 2000 feet of pipe, with 100 pounds maximum on the receiver. 
Assume further, that the compressor installed or contemplated is 
the cross compound Corliss condensing steam end, two-stage air 
end and has a steam consumption of 15 pounds per I.H.P. hour. 
The boiler evaporation is, say, 10 pounds of steam per pound 
of coal, and the coal is worth $3.00 per ton delivered at the 
furnace. The conditions require four go-degree bends and 
two globe valves. What size of piping is best suited to the 
requirements? 

We are limited to a pressure drop of 20 pounds gauge or 34.7 
pounds absolute; consequently, we must install a pipe line whose 
losses do not exceed this amount. First, then, determine accu- 
rately the size pipe having this maximum loss by substituting 
Mr. Johnson's formula: 

114.72 - 94-7 2 = ' 00 6 x 5 2 X 2000 

Solving, 

d 5 = 7163 



1 1 " No pipe is manufactured of the above inside diameter; therefore 

I!-, I - the smallest commercial line possible, the limitations considered, 

t i ; is pipe of 6.065 inch inside diameter, or what is known as 6-inch 

. standard pipe. In order to find the actual losses entailed in the 
use of this size pipe, again substitute in the formula as follows: 



p 2 ___ 2 = 0-0006 X 5QQQ 2 X 2000 
94 ' 7 6.o65 5 
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Pipe lines are constructed of cast iron, wrought iron or steel 
riveted pipe, and connecting joints are made with either sleeve 
or flange couplings. The typical air line is wrought pipe with 
sleeve couplings. Bends and fittings should be installed only 
where absolutely necessary for reasons as before given. Pro- 
vision should be made by blowing out water at the end of the 
line even if an additional valve and fittings are necessary. 
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For 8-inch pipe, 2000 feet of which would cost about $2000.00, 
the tabulation would be: 

Fuel cost for one year $6041 . oof 

Six per cent interest on pipe line 120.00 

Ten per cent depreciation on pipe line 200.00 

$6361.00 

A comparison of the totals show that y-inch pipe is the proper 
size to install, all things considered. 

Loss of Power. Besides the loss of head or pressure caused 
by friction, there is also a loss of power which is incident upon 
the cooling of the air after leaving the cylinder. This loss occurs 
in the receiver or in the first hundred feet or so in the pipe line, 
and is smaller per unit of length of pipe than the actual friction 
loss. In a measure, power loss is a compensation for friction 
loss in that, by cooling the air, its volume is diminished and, in 
consequence, the velocity decreased. The unavoidable loss due 
to heating and cooling of air has already been discussed. 

Air Pipe. By far the most expensive loss in air piping is 
leakage. All joints should therefore be carefully made and a 
sealing compound used liberally. The compound should be 
applied on the male end of the joint, otherwise it will be forced 
inside of the pipe restricting the area, and increasing the air 
friction. In laying the line, each length of pipe should be 
thoroughly cleaned and care taken to avoid low points or pockets 
where water could accumulate and obstruct the passage of the 
air. After completing the line, it is a good plan to build up a 
pressure, hammer the pipe well and suddenly release the air at 
the end. This will loosen and remove any scale that may have 
resisted the first cleaning. 

For surface lines, expansion joints should be provided to take 
care of expansion and contraction resulting from varying tem- 
peratures of the atmosphere. This is not so important in under- 
ground piping because the temperature is practically constant 
the year around. 

t Assumed 15.75 pounds steam consumption since the compressor is only 
85 per cent loaded. 
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All of these laws are expressed in the well-known formula: 

* -/5~ (98) 

where 

jJi = loss head in feet due to friction; 
f = friction factor which varies with the diameter and nature 

of the inner surface of pipes; 
/ = length of pipe in feet; 
d = diameter of pipe in feet; 

c\ 

= velocity head. 

The factor / is the uncontrollable quantity in the formula. 
It varies not only with the condition of the inner surface of the 
pipe, but also with the pipe diameter and the velocity of flow 
of water in the pipe. In Table 27 are given experimental values 
of / compiled from discussions of various authorities. The 
probable error in the values tabulated amount to about ten 
per cent. For approximate calculations the mean value of / may 
be taken as 0.02, 

TABLE 27 
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CHAPTER XIII 
FLOW OF WATER IN PIPES 

Theoretically the flow of water through pipes is in accord- 
ance with the fundamental formula: 

v = V2 gh (96) 

where 

v = velocity of flow in feet per second; 

g = acceleration in feet per second due to gravity; 

h = head in feet at the pipe end causing the flow; 

Therefore, solving (96) for h we have 

(97) 

If there were no friction losses or no entrance losses this formula 
would tell the whole story of the flow of water; but, like air, the 
flow of water through a pipe line is accompanied by a loss of 
head or pressure proportional to the length and diameter of pipe, 
quantity of water, condition of the inner surface of the pipe, 
etc. Many experiments have been performed with a view of 
establishing constants and formulas, notably those of D'Arcy, 
but errors in calculations of anywhere from 5 to 15 per cent are 
unavoidable. 

The laws governing the flow of water are summed up as 
follows:- 

1. The loss in head due to friction is directly proportional to 
the length of pipe through which the water flows. 

2. The friction loss increases with the decrease in pipe diam- 
eter. I 

3. The loss increases nearly as the square of the velocity of j 
flow. l 

4. The loss is independent of the pressure of the water. 

5. The loss increases with the roughness of the interior surface 

of the pipe. * 
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TABLE 28 

CAPACITY IN GALLONS PKR MINUTE DISCHARGED AT VELOCITIES IN 
PER SECOND, FROM 3 TO 15. ALSO FRICTION HEAD IN 
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FIG. 104. 



In Table 28 is given the capacity in gallons of water per 
minute discharged at various velocities, also the friction head in 
feet encountered. The values given are for lengths of 100 feet. 

The friction loss in 
pounds may be com- 
puted by multiplying 
the tabular values by 
0.434. 

To determine the 
total loss occurring in 
straight pipe of uni- 
form diameter, the loss 
of entrance must be 
added to the friction. 
The entrance loss de- 
pends upon the shape 
of the pipe end. The 
straight standard end, 
the inward projecting 
end, and the bell end 
are shown in Figs. 104, 
105 and 106, respec- 
tively. The loss is 









FIG. 105. 



i 



FIG. 106. 



greatest in the second named and least in the last named, 
entrance loss may be expressed by the formula: 



where 



The 



(99) 



C = constant, the value of which depends upon the pipe and 
design; 

V* 

= velocity head as before. 

2g 

The values of C for the end shown in Fig. 105 is 0.93, for that 
shown in Fig. 104 is 0.49, and for Fig. 106 is o. It is customary 
to use 0.5 as the value of C in approximate calculations or where 
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the shape of the end is not stated. The entrance loss is very 
small in proportion to friction loss in very long pipe lines, but in 
short lengths, the entrance loss is often the greater. Therefore, 
to obtain the total head necessary to force the water through 
the pipe, all losses must be added to the velocity head or 

// = // + //I + H% (lOo) 

'Substituting the values previously determined, we have 

2 g d*g 2 g 
simplifying, 

// r (i +d + c\ (101) 

2g\ d ) 

The above equation (100) is the fundamental formula for the 

flow of water in clean, straight pipe of uniform diameter having 
close joints. 

Loss in Bends and Elbows. Like air, whenever the direction 
of flow of water is changed there result additional losses to be 
overcome. Take an elbow, for instance: the water traveling in 
a straight line impinges on the outer wall of the bend, increasing 
the pressure along that surface and in a direction away from the 
center of the radius of curvature. Eddying motions, with the 
resulting impact of water particles occur, and energy is trans- 
formed into heat which is dissipated. The loss in long, easy 
bends is small, and is considerably greater in proportion for 
elbows in small pipes than for large ones. 

The laws stated at the beginning of the chapter for losses by 
friction* in straight pipe, apply also for curvature losses. There- 
fore, we may write the following formula: 



where 

//a loss in feet; 

fi curve factor, the value of which depends upon the ratio 
of radius of curve /f, to diameter of pipe <#; 
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TABLE 28. - (Continued) 

CAPACITY IN GALLONS PER MINUTE DISCHARGED AT VELOCITIES IN 

FEET PER SECOND, FROM 3 TO 15. ALSO FRICTION HEAD IN 

FEET PER 100 FEET LENGTH OF PIPE 
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0.284 


6,619.0 
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5 
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0.682 


3,965-5 
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0.512 
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0.465 
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0.426 


8,274.7 


0.394 


6 
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0.955 
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0.717 
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0.651 
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8,293.9 
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7,519.7 
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9,518 
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0.097 
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0.085 


4 


7,676.2 


0.244 


8,812 


0.227 


10,026 


0.213 


12,690 


0.189 


17,272 


0.163 


22,561 


0.143 


5 


9,596.3 


0.366 


11,015 


0.341 


12,532 


0.320 


15,863 


0.28^ 


21,590 


0.24^ 


28,201 


0.213 


6 


H,5I4 


0.512 


13,218 


0.478 


15,039 


0.447 


19,033 


0.397 


2S,9o8 


0.341 


33,841 


0.298 


7 


13,434 


0.681 


15,421 


0.636 


17,546 


0.591 


22,208 


0.528 


30,226 


o.454 


39,482 


0.397 
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15,353 


0.875 


17,624 


0.816 


20,052 


0.764 


25,381 


0.679 


34,544 


0.583 


* 45,122 
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16,316 


0,980 


18,725 


0.915 


21,306 


0.857 


26,967 


0.760 


36,704 


0.653 


47,942 


0.571 
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17,273 


1.09 


19,827 


1. 01 


22,559 


0.954 


28,554 


0.847 


38,863 
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50,762 
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1. 21 


20,928 


1. 12 


23,812 


1. 06 
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0.938 


41,022 
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1.16 


31,726 
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1. 13 


45,340 


0.975 


59,223 
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1.49 
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1.40 
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1.16 


47,499 
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62,043 
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1.62 
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1.35 


49,658 


1. 16 
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1.70 
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1.46 
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1.97 
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1.69 
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15 


28,788 
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FLOW OF WATER IN PIPES 

TABLE 29 

FRICTION OF WATER IN ELBOWS 
(Pressure in Pounds per Square Inch to be Added for Each Elbow) 
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0.80 
I.I4 
1-58 
2.05 
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0-035 
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0.004 
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0.470 
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0.260 
0.464 
0.728 
0.84 


























0.003 
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0.014 
0.018 
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Loss in Valves. The presence of globe valves, cocks or gate 
valves in a pipe line to regulate the flow of water causes additional 
losses. This from the fact that obstructions are offered to the 
flow, and the loss increases as the area of the opening is reduced 
by closing the valve. Of the three types of valves mentioned, 
the gate type is the least harmful, and, consequently, should be 
used -wherever efficiency of flow is required. Thus the throttling 
loss is expressed by the formula: 

Ht = d^ (103) 
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d - diameter oi pipe in feet, 

-- velot'itv head. 

-* & 

We kiunv very little about the value of fi and what we do know 
is obtained from t*xj>eriments performed either on bencls in hose 
or curves without, joints. In actual practice, poorly made joints 
must be contended with, and it is quite probable that losses 
from this Mamr art* much greater than purely curvature losses. 

Professor Mcrriman in lii> '/Vralisr on Hydraulics has com- 
puted from Wt'ishaih's formula of tjo-degree curve losses, the 
following values of j\ for various ratios of curve radii to pipe 
diameters: 

Fur A* fl **o to 5 5 2 1,5 i 

Jl O.Oiu O.OJ O,O,|7 0.072 0.184 

\\Vi.sbach\s formula is auuratrly applicable only to bends in 

HiKtll pipr.s of Mnooth Iiilrrior and fret* from joints, Professor 
Mrrriman has also tont|mtr(i llit* vahirs from measureinents 
riKiilr by Williams, llubbdl anl I'Vnkell, on iJ-incli and ^o-inch 
caM-inm water main* in Detroit, Mkh. For 30- inch pipe, the 
values art*: 

Fur A* il ,'o i^ u^ o 4 2.4 

ji ^-^Ji^ <*' ^i 4 / ' <M7 0,06 oO^i2 0,072 

fur u-'incli pipe flit* values are: 

Fur A* J 4 ^ J i 

l r; o* Ci,i^i O CX* O, .* 



than Wcisl>uch f 8, 

b^caii'-r of ihr prr rin r in itir bnul tr,4nl uf the* rougher stir- 
faiTj- and joint > iiirf \\ith In praitm\ 

In Tablr .'i .in* s f i\ f fi flu* prr^urt" !O,SM*H lit pounds per square 
iiu h in t Ibow;. or ?*h'*rt lit'iid^, llir Liblr is bas< k d on Weisbach's 
furiijiila, am! iirnvrrMnn to finl head nny be made by multi- 
plying b\ ;,^i. 



FLOW OF WATKR IX PIPKS 229 

Velocity. Thus it is seen that, in making calculations of 
losses or computing pipe sizes, it is necessary that the velocity 
(v) of water travel be known. In Formula (100), we have con- 
sidered the velocity head, the friction ami the entrance losses, but 
in actual practice the pipe line usually has elbows, valves, and 
often reductions in pipe diameter. To derive a formula that 
will embody all the essentials of practice, it is necessary that the 
losses calculated in Formulas (jo/h (^05) and (104), be added 
to (iooK making the total head as follows; 

Substituting the various equivalents, we have 

/; r, f -^ M> M' ' -''iiV 1 r 'f 2 ; 

Simplifying: 

i if 1 , f (' f/i^-HC') (too) 



.solving for v we have 

;, ; * - ill (, 07 ) 

v ' '/7 f r "'I I 

f (I il 

For straight pipe without valves or elbows and with standard 
flush end entrance, the velocity is expressed by: 

9 * , ^^ (108) 

V '*/i 

This IB the formula usually employed in velocity computations, 
It is quilt! evident, however, that no direct calculations are 
possible because the friction factor/ is necessarily a function of 
the velocity, v. To apply the formula to any specific case, a 
series of approximations or assumptions must be made until the 
value of / is in conformity with the calculated value of v. In 
other words, we first assume a value for/, substitute in the for- 
mula and determine the velocity, v; next consult the table and 
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where 

H = head loss in feet; 

Ci = constant the value of which depends upon the area open 

to flow, 

v 2 

= velocity head. The velocity v is that in the pipe and 

not that through the opening in the valve. 

From Weisbach's experiments, the following valves of C have 
been computed. If a is the distance the gate valve is closed, 
then, 

For a/d= o f J f * 111 
Ci = 0.0.070.26 0.81 2.1 5.5 17 98 



Losses of Expansion or Contraction of Section. Whenever 
the cross-sectional area in a water pipe is suddenly increased or 
decreased there occurs a loss of head due to formation of eddies. 
Sudden expansion or contraction of section may be regarded in 
the same manner as a partially closed gate valve in the line. 
The loss due to these causes is expressed by the formula: 

# 5 = C 2 (104) 

2 
where 

BS = loss in feet; 

n area of pipe r , , 

C 2 = ^-^-. r for sudden expansion or 

area of contracted section 

i area of contracted section . , , 

equals : : for sudden con- 
area of pipe 

traction; 

v 2 
= velocity head. For sudden contraction of area, v = 

2g 

velocity in the smaller area while for sudden expan- 
sion, v = velocity in the larger section. 

It is customary to use formula (104) as denoting the sum of the 
valve loss and sudden contraction losses. 



i-'uw or \\AIT.K IN I'ti'i-.s ,? t u 

where, 

q ~ eubir feet of water per .seioml; 

ii iT> .^ettional area t flu jipe iii -quaiv feet; 

11 .- vr)Hilv in inl pt r .1 *iul au*l i tlet'i mined by !iiiili*>i 
ju-st previously <lei iif*rl. 



For 11 in Formula f 101^, wi ma\ '4ih^titute if (*|u!vafent | ;j/'\ 

and for * its r*jul\ > ;iliiit *ti uritttn in J *;HJ, 
then bceoincs: 



\ 



This t*xpresj4on hohh foi 4niii*l4t pipe free from rurvrs iintl 
valves, If the'*e latter an* tnstatlct! ifi flit* Itia*, the for 
K quantity rf <H^hrin f ,t' tiriotitf^n 



t , 

(ml 



The* uppHaittcm *f thin formula 4% *elt' r\idt*iit, 

Pipe -- By tran ip*i*iii|f ait*l solving for d % m 

follows, we* have 



multiplying through by 



. 
<; V 7 * i'.s'^/;if. {> 

w 4 * ' 

which the cliameter of the |Ipe in feet when the values of 

the other are known, 

The application of thin formula Is quite similar to that for 
velocity* The of procedure Is: 
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ascertain the value of / corresponding to the just calculated v. 
Solve the formula with the new value of / substituted therein. 
This will give a new value for v, and the table is again consulted 
for a value of / corresponding to it. This operation is repeated 
until the tabular value of / is the same, or nearly, as that used 
in the formula. 

Suppose, for instance, that we have a 6-inch pipe line 2000 
feet long with a head of 10 feet, what is the mean velocity of 
discharge? Assume a value of 0.02 for /, and substitute various 
other values in formula (77) as follows: 



y 64.^2 X 10 r , , 

2-* = 2.70 feet per second. 
2000 
1.5 +0.02 
-s 

Referring to Table 16, the value of / for 6-inch pipe and 2.79 
feet per second velocity is 0.025. Substituting this in the 
formula we have: 



v = / 64.32 X io 

A / , 20OO 

V i-S + 0.025 
i) = 2.52 feet per second. 

Again referring to the table, the value of / for 2.52 feet per second 
is 0.0255. Substitute this value, and we have: 



v= I 6 4.33 X io 



V2OOO 
1.5+0.0255 

v 2.49+ feet per second. 

Referring to the table for the third time, the value of / is 0.0255, 
which is the value we have used. Therefore, 2.49 feet per second 
is the probable velocity. 

Capacity. The discharge capacity of a pipe in cubic feet per 
second can be found by substituting in the formula 

q = av (109) 
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1. Assume/ = 0.02 and substitute in the formula; 

2. Neglect (1.5 d) in the right-hand member of the formula; 

3. Solve the formula, ascertaining an approximate value of d; 

4. Compute from q = av the velocity corresponding to the 
approximate diameter; 

5. Refer to Table 16 and ascertain the value of/ correspond- 
ing to the above pipe diameter and velocity; 

6. Substitute the new value of /and the approximate value 
of d in the right-hand member and solve. 

Repeat this operation until component factors, that is, / and 
v, agree or nearly so, and the result will be a diameter size that 
will satisfy the conditions. 

Design. The remarks in the previous chapter pertaining 
to air-line design and construction apply also to water-line design 
and construction. Long water lines are usually made with cast- 
iron bell and spigot pipe laid beneath the ground surface to 
prevent freezing in cold weather. 



INDEX 



235 



PAGE 

Air-lift, test of, at Jackson, Miss 124 

"' theory of 96 

a use of, for lifting fluids other than water 147 

" well water improved by installation of 159 

Air-line design, proper method of procedure 216 

Air, loss of, due to valves, tees and elbows 213 

Air, loss of, in bends and elbows 225 

" loss of power by cooling of 218 

Air operation, changing from steam to 8 

Air pipe, effect of friction in 45 

Air pipes, leakage in, an expensive loss 218 

Air, power required to compress 174 

Air pressure governed by submergence 108 

Air pressure necessary to keep well in operation 106 

Air pressure required to keep well in operation 106 

Air pump, Harris 152 

Air receiver, fittings for 195 

u " functions of 195 

Air, reheating and expanding in compound pumps n 

" replacing lost 30 

Air-slippage losses. 122, 125 

Air transmission, factors to be considered in pipe line design 214 

Air travel in pipe, formula for velocity of. 123 

Air, wasteful method of using. 14 

u weight of, at. various pressures and temperatures 206 

u work during admission of 5 

" work during expansion of 5 

Annular tube pump, Ferlig's patent 90 

Automatic switch , 38 

B 

Bacon's air-lift system 151 

Basic laws and formula of compressed air 160 

Basic principle of return-air system 35 

Bends and elbows, loss of water in 225 

Boyle's law 160 

Brear'H patent "oil ejector" , 87 

C 

Cast-iron pipes, Morriman's computations on 72 -and 30-inch 226 

Central pipe (open <*wl) pumping system, , 134, 136 

Central pipe (open end) system, test of, at Houston, Texas 134 

Central pipe (perforated end) pumping system 140, 145 

Central pipe (perforated end) system, teat of, at Kvangelinc, La 143 

Charles* law 160 



234 INDEX 

PAGE 
Air cylinder, formula and measurements for determining volumetric efficiency 

of. . . . 185 

Air cylinder, kinds of inlet and outlet openings for 199 

" " volumetric efficiency depends upon clearance volume in 183 

Air, economic method of applying, to employ complete expansion 7 

" expansion curves, comparison of theoretical with actual 179 

" expansive force of 5 

Air friction, D'Arcy's formula for 203 

" " Herz' solution of D'Arcy's formula for 204 

" " Johnson's formula for 211 

" " laws of 203 

Air-inlet piping, importance of properly locating 195 

Air, isothermal compression 163 

" laws for curvature losses of 225 

Air-lift at Rolla, Mo., efficiency of 124 

Air-lift, capacity of, greater than any other apparatus 157 

" cleaning wells with the 132 

" combined efficiency curves of 146 

" description of various designs of 94-102 

" designing, to meet given set of conditions 108 

" determination of necessary head drop in designing 108 

" effect of varying submergence on pumping efficiency of 112 

" efficiency compares favorably with other means of deep-well pumping 159 

" experiment, Sieman's 87 

" Frizell's patent 88 

" Harris' theory of 97 

" high percentage of submergence a serious drawback 109, 159 

" historical 86 

" improperly designed and installed, very wasteful means of pumping . . 121 
" liquids of all densities and temperatures handled with equal facility. . 

" Lorenz' theory 99 

" not adapted to surface pumping 159 

" plant at Shirley, Ind 153 

" Pohl6's patent 90 

" practical design of 126, 130 

" practical operation of 106 

" practice, loss encountered 122 

" pressure drop of the 106, 108 

" principle of 94 

" pumping systems 134 

" Saunder's invention 93 

" small cost of maintenance 159 

" special applications of 147 

" starting pressure of 105, 106 

" surface piping for the 132 

" system, Bacon's 151 



INDEX 237 

PAGE 

Constant pressure, specific heat at t j6i 

Constant volume, specific heat at jgi 

Contraction and expansion, joints should be provided, to take care of 218 

Contraction or expansion, losses of 228 

Cost of pipe lines and fittings 217 

Couplings for pipe, standard dimensions of _ 215 

Croton aqueduct pneumatic pumping plant, tests of 78-85 

Cubic feet of air required to lift a gallon of water against various pressures. . 25 

Curvature losses of air, laws of 225 

Curve diagrams for air compression, Richard's 179 

Cylinder design 8 

Cylinder proportioning < 4 

D 

D'Arcy's formula for air friction 203 

I )'Arcy's formula for air friction, Herz' solution of 204 

Deep-well pumping, air-lift efficiency compares favorably with other means of 159 

Designing air lift to meet given, set of conditions 108 

Designing displacement pumping system 34 

Design of discharge pipes in a well, an important factor 122 

Diamant's accurate test of return-air system 53 

Difficulties encountered in designing air compressors 165 

Direct-acting pump, formula and computations for 2, 3, 4 

Direct-acting pumps, air consumption of 6 

Disadvantages of the return-air system n 

Disadvantages of using compressed air for pumping 156 

Discharge capacity of pij>es, formulas for 230 

Discharge of water at various velocities 222 

Discharge pipe, diameter . 196 

** " expanding air in, extracts heat from the water 157 

Displacement pump, amount of compressed air necessary to operate 23, 25 

a " conditions not always favorable installing 32 

" " efficiency curves of 32 

" " Latta-Martin 20 

" " performance of 27 

" " principle of 14 

" " test of 3 r 

Displacement pump test, computation of results obtained from a 29 

I )i*placement pumping system, method of designing 34 

Displacement pumps, advantages claimed for. , . . 23 

** " description of *3 

E 

Economic advantage of complete over partial expansion 8 

Economy essentials for air compressor I 9 I 

Effect of friction in air pipe between tank and compressor 45 



236 INDEX 

PAGE 

Church and Unwin's formula for volume and pressure 165 

Circulating water T gg 

Commercial air-lift systems, discussion of !^ T 

Commercial pumping systems, results of tests by the author. 155 

Commercial systems of air-lift pumping u^o 

Compensating valve for return-air system 29 

Compensation for lack of submergence 100 

Complete expansion, economic method of applying air to employ 7 

Compound pumps p 

Compound pumps, reheating and expanding air for u 

Compressed air, amount necessary to operate displacement pump 231 

" " basic laws and formula of ^ !6 

" " cooling of I2 

" 



12 

" " device for transferring grain with 147 

" " first application of, to lifting water 86, 87 

" " flow of, in pipes 202 

" " for pumping, advantages and disadvantages of using 156 

" " initial pressure of I2 

" " in pipes, loss of pressure caused by friction of 209 

" " need of specially designed pump for use with 13 

" " plunger pumps operated by 2 

" " pumping mixed sand and water with 147 

" " thermodynamics of 160 

" " transmitting long distances 156 

" " use of, for raising liquids i 

Compression emciency denned 182 

Compression generalities K5o 

Compressor and receiver, placing stop valve between 196 

Compressor capacity in return-air system 42 

Compressor, cleaning, mode of operation 201 

" foundation for, size and depth of 194 

" importance of over-all emciency of 190 

" intake capacity of , 42 

" measuring air in x gy 

" method of determining volumetric emciency of 187 

the ideal ."."".""' I?3 

Compressors, emciency of at altitudes I j 2 

Compressors should be located in clean, cool place 194 

Compressors, single vs. two stage ^ 

Computing emciency of the return-air system 52 

Computing free air consumption 30 

Computing friction loss in air 2 g 

Computing friction loss in water 29 

Conduits as substitute for inlet-air piping jg$ 

Conrad's tables for theoretical air-compression curves 179 | 



INDEX 239 

G 

PAGE 

Grain, device for transferring, with compressed air. '. 147 

H 

Halsey pump, description of 15 

" " installation of 17 

Harris air pump 152 

Harris 7 theory of proportioning return-air system 41 

Hattiesburg, Miss., results of tests of well water at 116 

Head drop, curve of 118 

" " determination of necessary, in designing air lift 108 

Herz' solution of D'Arcy's formula for air friction 204 

History of the air lift 86 

Hodges' fusible alarm plug 198 

Houston, Texas, test of the central pipe (open end) system at 134 

I 

Ideal compressor, the 173 

Ignition point of lubricating oil 197 

Improperly designed and installed air lift very wasteful means of pumping .... 121 

Indicator, attaching to the air compressor 180 

Ingersoll-Rand Co.'s computations for return-air system efficiency 52 

Inlet and outlet openings for air cylinders, kinds of 199 

Inspecting and cleaning air compressor 200 

Installation and operation of air compressor 192 

Installation of pneumatic pumping plant described 52-75 

Intake capacity of compressor , 42 

Isothermal compression of air ^63 

Isothermal compression, work of 164 

J 

Johnson's formula for air friction 211 

Joule's law 161 

L 

Latta-Martin displacement pump 20 

Laws governing friction losses in water-bearing strata. 107 

Laws of air friction 203 

Laws of friction of water flow 122 

Leakage in air pipes an expensive loss 218 

Locating air-inlet piping 195 

Location of compressor 194 

Long turn fittings or neatly bent pipe instead of bends 195 

Loscher's air-pumping system 87 



238 INI Hex 

PACE 

Efficiency', good, obtained when discharge velocity is lower than initial 

velocity .................. . . . ............... 2 .'5 

efficiency of compressors ut variuus altitude^. ......... 172 

Jfoows and bends, loss of air in, ^5 

eHwws, friction of water in , . . . , 227 

Cvangeline, !*a., lot of the c.entral pij** :jerft*rat*d *ndJ v\^lt'in at 14^ 

5 air in <lischarge filfH* extra't-i heat fr*m thr water 157 

sion, udvaiilagr of comj>lete o\'er partial . . . . , , K 

i.sion and contractiim, joints .should IH* prtviiinl !* take *are, *>f ...... jiH 

i or ccmiruction* It^H^ *f . ....... . . . . , . , . 2;H 

exjKinsive furce of air . 5 

explosttm imjx>ssible if projHT *til is UM*d . . . ......... ici*H 

Explosions in cumpreMnurs <!ur !<i faulty ifi ! 4*ilLi!i*ii **r ne^li^fnce. ....... n$i 



F 

Factors It* !H* i'n%!I"ri*<l in *iir ir.inMi ( >^iMn in pijK' line l"*i#n ............ ^14 

Fertij^S annular tuln" 1*1111111 ........... >o 

I"'ir>t application <*f compre*,tr*l air l liltiiii* *ifrr . ,. . , . ...... , , , Hf*, &/ 

Finings for air rereiv<*r ...... ..... ....... ii)$ 

Flash i^iin! of liiliritalini-* nil ,. . ... , 1^7 

1 low i*f u tiff in jup* JIJQ 

I low nf m\iii'r, law I swi4/ jjro 

I otnttila for th i hai r * *,, it ? pip* 3 p.) 

l'tirntu!i i*f v listii ai! j n if* < h t^ ,t *l t i . * ifi;^ 

l'tntiyl.i fir < wl*it l*i I r*f In f *if 3 i * ,**\ I ! i M|I f f f r,r i*4 \\f4f i U4 

I^tniiiiii for ifii rea i <*r !*'** * t * :*? ,;** jyn 

l z i>ntiuL \UT }iu\tM>2K. i'fj. vK n i '.j* tj ! i* 4 r / a* i, i IM* 1 48 

I urmuia Jor ii*ntt\ * ?Mp'iT.i'iiw. ^^ 

l'iHiiiiiiii*ii lor tompff '*i. j, f at*-! '!' ;4)> I tj| 

I Mijii*! iliuii l'lifr!J,{| iii Itj4 

** I fiunuiti *f Hi r* t" Mil 

If.Itli* pitl lit * f*f| putj II| ^ * "U ' * f ' l^r UH'H 148 

I it e ,iir i MII ,sju p!iii * >Mp j*jv ,4.i 

I nf 4tf, ii^ thpltri I if ijfli fjiaiai*** i. 4 n i f i* /u !MJ J t iy(> 

I'frr/Iii^ iinlli if i*J jiii \iii|jfi^ 10 

I'rii lion m *iir pi)** l*rt AH *, nu * ,tn<* f s ,N >i **!s s f 4 

tritttotittt i ail*! 'irti iri* f ^ f 1 1,** i. |f| f ** 4*|i!uniri tt.Jm^ ic>i 

1 fit lion I< r e in t< f *fii ti* j*J 11*1 50 

I fiilicrti ! ,*i , in v,it- r !'f.irm ? Lif 4 i,l4 f f *.M^*.^ 107 



Jo in %4t*"f 
I rut ton of fompft" u 
I'rif tin *l wafer tit !!>* 

I- nut tit Hi nf iilr r el et\ tn>, 



INDEX 241 

PAGE 

Pohle" and Frizell air-lift systems, comparison of ......................... 96 

Pohle" pumping system ............................................... 138 

PohUi's description of the operations of an air lift ........................ 95 

Pohle system, test of, at Dallas, Tex ................................... 141 

Power, loss of, by cooling of air ....................................... 218 

" required to lift water .......................................... i 

Pressures and squares of pressures ..................................... 210 

Pump for use with compressed air, need of specially designed ............. 13 

Pump, Halsey, description of ............. . ........................... 15 

Pumping, air-lift, commercial systems ......... . ........................ 150 

" deep-well, air-lift efficiency compares favorably with other means 

of ...................................................... 159 

Pumping mixed sand and water with compressed air ..................... 147 

Pumping, number of stages employed .................................. 33 

Pumping system, central pipe (open end) ........................... 134, 136 

u " central (perforated end) .......................... 140, 145 

" " method to employ, in designing ..... . ................. 34 

u ]>ohI6 .............................................. 138 

Pumping systems ................... . ................................ 134 

Pumping systems, Weber ........................ . ................. 155 

Pumping systems commercial, results of tents by the author ............... 155 

Pumping systems for sulphur mining, Frasch's patents ................... 148 

Pumps, direct-acting, air consumption of simple ......................... 6 

R 

Ratio of curve radii to pipe diameter, Mcrriman's computations. , .......... 226 

Receiver and compressor, placing .stop valve between .................... 196 

Recommendations for designing well piping ........................... . . 126 

Reheating and expanding air, pumps for ...... . .......... . ............. u 

Replacing lost air ........... .......... . . . . . ......................... 39 

Return-air plant, friction IOHHCH in ..................................... S 

" " " maximum work ....... . .............................. 4& 

" " " starting ............................................ 39 

Return-air system ..... .................................. .......... * r 

Return -atr system, basic principle of . . . ..... . .................. ........ 35 

" " ** com|>cn8&tmg valve for ......... .... ......... . ....... 39 

" 4I u compressor capacity for, ............................. 4 2 

" *' " computing efficiency of ......... ............ . ........ 49 

44 " " curves of ...... . .......... . ......................... 44 

41 * ** Diamant^tcHtof ................................... S3 



cfikicncy........ ...... . ........................... S* 

llama' theory of proportioning ....................... 4* 

niatJicmatical analysis of . . ...... . ........... . ........ 4^ 

performaace ............. ........ ................... 5* 



240 INDEX 

PAGE 

Loss encountered in air-lift practice I22 

Losses of expansion or contraction 228 

Loss of power by cooling of air 218 

Lubricating compressor, method 196 

Lubricator, soap-sud, for compressor 200 



Materials for foundations 194 

Mathematical analysis of return-air system 41 

Means to prevent freezing 10 

Measuring air in compressor 187 

Mechanical efficiency of air compressor 181 

Mechanical efficiency of a steam pump 3 

Merriman's computations for various ratios of curve radii to pipe diameter.. 226 

Merriman's computations on i2-and 30-inch cast-iron pipes 226 

Meter, test of a 2o-inch 71 

Method of cleaning compressor 201 

Method of designing displacement pumping system 34 

Method of determining volumetric efficiency of compressor 187 

Method, proper, of designing air line 216 

Mixed air and water, velocity of flow of 123 

Multipliers for determining volume of free air at different altitudes 176 

O 

Oil, proper, a preventative of explosions 198 

Operations of an air-lift, Pohle*'s description 95 

Over-all efficiency of compressor, most important to user 190 

P 

Partial expansion 5 

Peele's discussion on air compressors 192 

Pipe diameter, determination of 231 

Pipe lines and fittings, cost of 217 

Pipe, standard dimensions of couplings for 215 

" wrought-iron, standard dimensions 214 

Pipes, cast-iron, Merriman/s computations on 12- and 30-inch 226 

" discharge capacity of, formula for. 4 , 230 

" flow of compressed air in . . 202 

" flow of water in 220 

" friction of compressed air in, loss of pressure caused by 209 

Plunger pumps operated by compressed air 2 

Pneumatic displacement pump 13 

Pneumatic pumping plant, Croton, aqueduct, tests of 7 8 ~ 8 5 

" " " installation of , described 5 2 -75 

Pneumatic sewage ejector, Shone , .,....., 21 



PREFACE 



TllK 1 \ \\ l J -I - ll f , f Jl' ' i 

Mil 1UI \ \ucl. m\ of lol ,( b( f i *| I \v 5 ' ! , - 

ot mat hcmj lii <il i r tinint: 

'I ll( pH SCli l)< H )k I 1 - la I ! !( |\ ,| ( < . U tj t ; 

an! (inniMix " u-.rd ' i >(Nri,il \i,r ', I J !'* Mi 
n 1 1 ! i ! I )r '" f 1 1 1 i i M M ' S i P n i M ? i s l , , , i 1 1 1 j 
tha,l. excellent. IcxL 

JAii" iJ'ie cJuipter on explosives and interior baiiislies llii" author 
takes full rcsponsihility. 

The ("lia.pter on exterior ha.!iisl.ies is taken, wit is very slight 
elian^es, from a parnphle! on thai, subject, prepared several years 
a^u by Lt.-Col. M. !'. Olfcji!., ()ni. !)ep(., aiul used for some. 
yeai's a.t. I he Military A cade my. 

The i.ha.n.ks ol the an!h<r ai'e due {< Major R. II. Soroers, ( )rd. 
l)ept., lor the me! hod oi trealiiK'-iit use* I in ihe secti<ui on f.lie 
e I a s I i c s f re n L; ! ! i o ! ;.'.; 1 1 n s and i o r many o i h t " r v a h i a I > i e .s i i I.!,T,H -s I i o i is 
a.s vvc-ll a.s for ma.ny illns! ra.l ions. 

The a.nfhor is also iixlebted (o I he iollovvinj.^ officers for siigi^es- 
I, i o i ! s , i 1 ! u s 1 ra. 1 i o n s < r j > n >o I r e a < I m ^ : 

Major Karl Mcl (< arland, ( )rd. DepL, 
C/apL kichanl I)ona.van, ( '. A. (. \, 
('apt. Thnisf.on I Inches, ( \ A. ( \, 
(sip!., ("L'tude I>. Thirnrniel, Ord. I)(.'pt., 
(.kipL Harvey M. Hol.bs, l'\ A., 
(.."apt. John (i. Hooton, (" A. (. \, 
L L Tin >rn as J . II a,y c v s, I n fa n I ry , 
Ca.pt. John S. Wood, Ord, l)ept., 
Lt David McL. C'ra/wlord, C\ A. (\ 



OOK MANUPACTUR' 



